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Executive Summary

The present work explored the feasibility of controlling the acoustic impedance of a resonant
type acoustic liner. This was accomplished by translating one perforate over another of the same
porosity, creating a totally new perforate that had an intermediate porosity. This type of
adjustable perforate created a variable orifice perforate, whose orifices were non-circular. The

key objective of the present study was to quantify the degree of attenuation control that can be
achieved by applying such a concept to the buried septum in a two-degree-of-freedom (2DOF)
acoustic liner. An additional objective was to examine the adequacy of the existing impedance

models to explain the behavior of the unique orifice shapes that result from the proposed sliding
perforate concept. Different orifice shapes with equivalent area were also examined to determine
if highly non-circular orifices had a significant impact on the impedance. This was primarily an
experimental study and the objectives were met by conducting the following tests in the
Aeroacoustics facilities at the Georgia Tech Research Institute Aerospace and Transportation
Laboratory:

1) A 2DOF liner was fabricated with a variable orifice perforate as the buried septum porous
layer and normal incidence impedance tests were conducted as a function of septum porosity.

2) Another 2DOF liner was fabricated to be used as partial wall treatment in a flow-duct.
Insertion loss and transmission loss measurements were made as a function of septum porosity

and grazing flow velocity. Mean centerline velocities tested were 0, 100, 150, 200, and 250 ft/s.

3) The sliding, overlapping variable orifice perforate was "isolated" with a backing cavity and
normal incidence impedance was measured as a function of perforate porosity and incident

sound pressure level.

4) The normal incidence impedance of several orifice shapes (round, square, triangular, star-

shaped) of the same equivalent area was measured for low and high incident sound pressure.
Included in these different shapes is the stepped-oval orifice, which refers to the unique shape
created by two overlapping circular orifices that are off-center. The resulting shape is somewhat

oval or "eye-shaped".

5) Flow-visualization of several orifice shapes were acquired to examine the orifice "jetting" that
results from the conversion of sound into vorticity.

Salient findings and conclusions are summarized below:

1) It was found that perforate translational movements on the order of the orifice diameter (1.6
mm) resulted in shifting of the primary resonance frequency approximately 14% (200 Hz) and
the secondary frequency approximately 16% (800 Hz). As the buried septum porosity was
reduced, the resonant frequencies were reduced. For grazing flow conditions in a flow-duct,
similar translational movements in the buried septum of a 2DOF liner resulted in consistent

trends with the impedance tube data. As the septum porosity was reduced the peak resonant
frequency was reduced and the magnitude of the liner's absorption was increased. Thus, it was
concluded that absorption properties of a 2DOF liner could be controlled with a small amount of

mechanical input.

2) The variable orifice perforate was found to produce a lower mass reactance as the porosity
was reduced than would be predicted by using an equivalent porosity perforate consisting of

xi



elliptical holesand linear theory. The lower porosity configurationsof the variableperforate
alsoincreasedthenonlinearityof theperforate.

3) Normal incidence impedancemeasurementsof an isolated stepped-ovalorifice shape
(producedby theoverlappingof two circularorifices) resultedin approximatelya 12%reduction
in the attachedmassof the orifice relative to a circular orifice. Flow-visualizationof this
uniquely shapedorifice revealedthat the typical orifice jetting accompanyingsound/orifice
interactionswas"vectored"or deflectedoff theorifice centerlineaxis.

4) Highly non-circularorifice shapes,suchasstar-shaped,resultedin higherresistanceandthus
higher absorptionat lower incident soundpressurelevels. However,at higher incident sound
pressurelevels,the highly non-circularorifice shapesdid not show a significantdifferencein
impedance. : i :

:7 .
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SECTION I

Introduction

1.1 Motivation

Acoustic liners are common components of flow-ducts and fluid flow machines. The liner's

purpose is to provide absorption of unwanted acoustic energy (i.e., noise). A particular class of

fluid flow machine is the gas turbine engine or jet engine. One major problem concerning the

design of these acoustic liners for jet engines is that the characteristic noise sources (e.g., fan,

compressor, struts) and flowfield in the engine's duct vary widely over the operating range of the

engine. For example, the amount of airflow through the engine is highest when in takeoff

operation and typically lowest during landing/approach. Fan speeds and flow velocities are quite

different for these cases resulting in different noise source characteristics, such as noise intensity

and frequency. Another example of a changing noise source environment is the exhaust ducts of

internal combustion engines. Different operating conditions produce different peak noise

frequencies that result from the firing frequency of the combustion process. Ideally, the acoustic

lining on the walls of the exhaust duct should be optimally matched for all engine power levels

to obtain the most noise reduction. Designing an acoustic liner that can change its impedance

properties with relatively small mechanical input could possibly lead to optimizing the amount of

noise suppression in a flow-duct or any other environment where the noise source changes with
time.

1.2 Resonant Acoustic Liners

Conventional acoustic liners that are used to suppress noise in a small bandwidth are referred

to as resonant liners. They normally consist of a porous or perforated facing skin (forming the

interior duct wall) overlaying a sound absorbing layer, that is comprised of a resonant airspace

structure (e.g., honeycomb), t::igtirc t, i shows a typical resonant acoustic liner construction for a

jet engine flow-duct, taken from r_of'erence t. Resonant liners, by design, absorb acoustic energy

in a narrow frequency band. Their use is motivated by the fan (or compressor) noise source that

is characterized by discrete tones. Fig_._rc 15 _ shows a typical noise spectrum of a large by-pass

engine (from rcfk'rcnce I). The design of an acoustic liner, like the one shown in !'igt_re I. i, is a

compromise between conflicting engine operating conditions. Thus, if the liner is optimum for

the takeoff condition it will not be optimal for the landing/approach condition. This is because at

the different operating conditions, fan speed and the speed of the flow over the liner are different,

requiring different absorption performance from the liner. If the acoustic properties of the liner

can be altered during the engine's operation, it is possible to increase noise suppression at "off

design" conditions. One possible way to achieve variable acoustic properties of a liner is

discussed below and is the backbone of this report.

Figure 1,?, illustrates a typical two-layered resonant acoustic liner along with the principal

parameters that govern its performance, As mentioned earlier, the facing layer is typically made

of a perforated metal sheet or a fine wire mesh. The air space behind

this layer is partitioned by a honeycomb structure, providing cells or columns of air. Another

airspace is partitioned in the same way beneath the first air space. It is separated from the first

air space by another porous sheet (usually a perforate), normally referred to as the "buried



septum". The liner is terminatedwith a rigid back wall. The overall sound absorbing
performanceof this typeof liner canbedeterminedfrom knowledgeof the acousticimpedance
of its individual components.Thus,the total impedanceof the liner is a function of the four
impedances,Zl, Z2,Z3,andZ4 labeled in Figure 1o3. The facing layer offers a specific amount of

hindrance to an incident sound wave. This hindrance is in essence the acoustic impedance of the

facing layer, The impedance of the facing layer is a function of several parameters and is

expressed as:

=r(h,o,a..,,<.o.,r)
where

h = thickness of perforate sheet

(7

.... d

V
gr

= porostiy of perforate sheet

= Characteristic orifice opening dimension (e.g., diameter)

= Incident acoustic velocity on perforate sheet

= Grazing flow velocity

03 = Angular frequency of incident acoustic wave

T = Temperature at the facing sheet

The impedance of the air space partitioned by the honeycomb is chiefly determined by the length

of the air gap and the temperature of the air in the gap. The buried septum layer has an

impedance governed by the same parameters as the facing layer except that there is no grazing

flow effect. Simply put, the facing layer governs how much sound reaches the first air gap and

the septum governs how much sound reaches the second air gap. Since the septum is not

exposed to the grazing flow, it has one less parameter governing its impedance.

This can be explained more clearly by examining two extreme cases. If the septum is

acoustically transparent, i.e., it allows the unhindered transmission of sound, then the air gap

length is L_ + L2 (see Figure 13). If the septum is acoustically rigid, then the air gap length is

just Li and it would behave as if the second air gap was non-existent. In practice, the impedance

of the septum is somewherebe{ween acoustically rigid and acouSfiCaiiy transparent. The degree

to which this property of the septum can' be controlled is the key to the control of tile overall liner

absorption. :intuitively, an ideal control parameter lS fhe buried septum porosity, since it is the

amount of open area which allows sound to pass through the layer.

1.3 The Variable Orifice Perforate Concept

Figure i14 Shows_ow a variabi-e "effective" perforate can be formed from two perforated

sheets of identical orifice geometry and porosity. The hole patterns in Figure I._'b were created

by moving one perforated sheet (on top) relative to the other (on bottom). Both the porosity and

orifice shape changes result in the change of the acoustic impedance of the perforate and hence

the overall impedance of the liner. In this way, small translational movements in one perforate

will produce a large change in the "effective" perforate porosity and orifice aperture shape.

A simple demonstration of the variable orifice perforate concept described was carried out in

a commercially available impedance tube. An open cavity was covered with two perforates of

_=

g

=



the identical porosity and orifice size. Figure 1.5 shows two _andom configurations of orifice

hole shapes and porosities, l::igure t._ shows the resulting absorption coefficient for the two

configurations shown in Figure 1.5. The absorption coefficient is a measure of the amount of

acoustic energy absorbed by the perforate/cavity combination and is a function of the acoustic

impedance. It is clear that the different porosity and possibly shape of the resultant perforate can

impact the absorption performance of a resonant type material and hence contribute to the

control of a multi-layered resonant liner. A study of the effectiveness of this concept is the main

thrust of the research for this report.

A possible way of implementing this concept is shown in Figure 1.7. The buried septum in

this case is replaced by two perforates, one that is stationary and one that is allowed to slide over

the other. As with the sliding perforate concept shown in Figure 1.4, the impedance of the buried

septum will change as the orifice pattern changes. Control of the buried septum impedance is

expected to control the total impedance of the liner. The varying geometry perforate will be

referred to as the "variable orifice perforate" (VOP) in the rest of this document.

1.4 Obiective

The objective of the present study is to assess the degree of absorption control that can be

achieved by a variable orifice buried septum perforate. An additional objective is to examine the

adequacy of the existing impedance models to explain the behavior of the unique orifice shapes

that result from the proposed sliding perforate concept.

1.5 Outline of Report

Section II presents previous research and current understanding in the area of orifice and

perforate impedance along with some known liner impedance control concepts in the literature.

Section III presents an experimental investigation of a two-degree-of-freedom resonant liner that

utilizes a variable orifice buried septum to control its absorption performance. This is

accomplished through normal incidence impedance measurements and absorption measurements

in a flow-duct environment. Section IV describes the results of an experiment where the variable

orifice perforate is measured in a normal incidence impedance tube and its absorption

characteristics are examined for both low and high amplitude performance. Section V addresses

the effect of orifice shape on the acoustic impedance. The impedances of several different

orifice shapes are measured in an impedance tube for the same orifice area. The measured data

are compared with existing models. Finally, the overall conclusions and suggestions for future

work are presented in Section VI. Appendices are provided that detail measurement techniques

used in this work as well as an uncertainty analysis used to assess the quality of the data

presented.
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a. Two standard perforates with circular orifices

b. Examples of orifice patterns created by sliding one perforate over another

Figure t .4 Variable orifice perforate concept:

creating an non-standard perforate.

two standard circular orifice perforates



a. 2 Sheets of Perforate #2

Configuration B
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Figure 1.5

b. 2 Sheets of Perforate #2

Configuration D

Variable perforate concept impedance tube arrangement, perforate #2.
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SECTION II

Acoustic Behavior of Orifices:

Previous Research and Current Understanding

2.1 Introduction

The focus of the present research is the control of wall impedance with the use of a tunable

resonant acoustic liner. Typical resonant liners are effective in a narrow frequency range.

Controlling that frequency range is of interest when the liner is used in a changing noise

spectrum environment. A common component of the resonant liner is a perforated metal sheet,

usually referred to as a perforate. A perforate is a porous sheet that is distinguished from a fine

wire mesh or other bulk-type material (e.gl, fibermetal). Understanding of the sound wave

interactions with a perforate or an orifice is critical to the present work because it is both the size

and the shape of these orifices that are deliberately being altered to bring about a change in the

overall liner absorbing characteristic. It is from this perspective of the effect of orifice size and

shapes on their sound absorbing properties that a discussion of the previous work is provided
here.

This section starts in Section 2.2 with a brief description of the physical nature of the

sound/orifice interactions. Section 2.3 includes a description of many of the impedance-related

terms like mass reactance, stiffness reactance, resistance and related equations that define them.

Section 2.4 presents a linear model for the acoustic impedance of orifices and perforates.

Section 2.5 addresses the effect of high amplitude incident sound on an orifice. Analytical

impedance models that address the effect of grazing flow on orifices are presented in Section 2.6.

Finally, Section 2.7 presents previous work that involves controlling the impedance of perforate-

based acoustic liners.

2.2 The Interaction of Sound with an Orifice

Consider an acoustic wave that propagates along a waveguide tube and strikes an orifice

connected to a backing cavity as shown in l::igurc 2.1. An acoustic wave generated at one end of

the tube propagates along the tube and strikes the orifice at the other end of the tube. The

resulting interaction is a complex phenomenon that involves the geometry of the tube and

backing cavity, the geometry of the orifice and the fluid medium surrounding the orifice on each

of its sides. Neglecting any energy loss in the tube, the energy in the acoustic wave is redirected,

transformed, and dissipated in and around the orifice. The acoustic energy is partly redirected by

sending a portion of the energy back towards the source, It is partly transformed by viscosity at

the orifice edges and converted into vortical energy leading to its dissipation. Finally, the

acoustic energy is partly transmitted and propagates on the other side of the orifice. The orifice's

acoustic impedance is characterized by these conversions of energy.

The transformation of acoustic energy into fluid mechanical energy arises from the viscous

interactions that can occur between sound and a solid boundary 2_'_-_. Indeed, such interactions

can lead to the formation of an oscillatory "jet" on either side of the orifice. Figures 22a-i_ show

11



several views of the "downstream" side of an orifice whose opposing side is subjected to varying

intensities of acoustic energy in a tube. In this case, the light is provided by a stroboscope. It is

flashing at the same frequency as the acoustic wave is propagating in the tube. Thus, coherent

structures are captured and "frozen" in space. It is clear that the acoustic energy is partially

transformed into vortical energy to a greater extent as the acoustic intensity increases.

Use of orifices or groups of orifices in acoustic absorbers is a common occrrence. This

includes common sound absorbing treatment used in rocket motors, jet engines, internal

combustion engines, and buildings. Connecting the physical picture described above to

analytical formulations of sound absorption is the subject of this section.

2.3 Acoustic Impedance of a Resouant_Ab_s_orbe_ _ :

Before presenting the impedance models for orifices and perforates, definitions of selected

acoustic parameters are provided in a manner that will be useful for understanding the results

presented later. In particular, terms like resonance and anti-resonance frequencies as well as thc

primary and secondary resonance frequencies for a two-degree-of-freedom liner will be defined

in terms that will be consistent with the data presented in future sections. Furthermore, the

concept of the absorption coefficient is presented.

Definition of Acoustic Impedance

In the context of materials used for acoustic liners, acoustic impedance can be defined as a

measure of a material's ability to convert acoustic energy into 6ther forms of energy, in other

words, it is a measure of how much a material impedes the flow of acoustic energy. It is

mathematically defined as the ratio of acoustic pressure to the associated particle velocity at a

point" _ and is expressed as:

P
Z- - R +i Z (2.1)

/1/

In general, the pressure and velocity are not in phase, thus the impedance is a complex quantity

with a real and imaginary part. The real part is referred the acoustic resistance and the imaginary

part is referred, to as the acoustic reactance. The impedance is generally a function of frequency.

It is common practice to normalize the impedance of acoustic liners by the characteristic

impedancebf the medium thr0ugh Which sound travels before impinging upon the liner. This

characteristic impedance of the medium is given by:

Zcharacteristic = pc (2.2)

Normalizing the impedance allows for the definition for the "perfect" absorption of sound. Since

9c is a real quantity, the impedance of an absorber that has a normalized resistance of unity and

no_alized reactance of zero results in an absorber that behaves ilke alr=for sound impingement

at nornaal _ncidence. That is, sound will be transmitted through (and/or absorbed by) the

absorber with no reflection back towards the source. This is an important concept because it is

this impedance matching that determines the effectiveness of an absorber. The optimum acoustic

impedance of a liner (no mean flow present) is that which equals the characteristic impedance of
the medium in which the liner resides.
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Impedance of Cavity Resonators

The development of an expression for impedance of a resonant absorber begins with the

consideration of an open cavity of length L as shown in Figtere 2.3_. The impedance of the

cavity can be determined from standard transmission theory found in many acoustic textbooks __.

Neglecting viscous effects the normalized impedance at the opening of the cavity can be

expressed as:

Z---LL+ i tan(kL)
Zo_ pc

(2.3)m
'7

pc 1 + iZ'Ltan(kL)
pc"

If the back wall in the cavity is considered to be acoustically rigid, the impedance, ZL, at L is

infinite and equation 2.3 becomes:

Z° = -i cot(kL ) (2.4)
pc

If the cavity is then covered with a plate of thickness h and an opening of area Ao (radius, to), as

shown in Figure 2.3b, the physical picture changes. The fluid in and around the vicinity of the

opening can be treated separately from the rest of the cavity. It possesses an impedance of its

own and the total impedance of the cavity-backed opening can be expressed as the sum of these

individual impedances. Thus, the normalized impedance can be written as>_:

Z _ ZotTenin_; + _ = Zopenin_, _ iry cot(kL) (2.5)

pc" pc pc pc:

where o" = A°
A

The Helmholtz Resonator

If the wavelength of the incident sound is much larger than the opening dimensions or the

cavity dimensions (e.g.,)_ >> ro, L), then the physical picture can be represented mechanically as

shown in Figure 2.3c. The fluid in and around the opening can be seen as a mass, the fluid in the

backing cavity can be treated as a spring, and the viscous forces can be treated a dashpot-damper.

Thus, given the condition of very long wavelength compared to the physical dimensions, the

resonator can be viewed as a harmonic oscillator with one degree of freedom. This is also

referred to as a lumped acoustic element model. In essence, the mass oscillates as a bulk mass.

The resonator under the conditions stipulated above is referred to as a Helmholtz resonator. Two

methods will be presented on deriving the expression for impedance of a Helmholtz resonator: 1)

A classical development from mechanical vibration theory and 2) A simplification of the more

general formulation embodied in equation 2.5

The Harmonic Oscillator Model

Given the physical model shown in Figure 2.3c, the equation of motion describing the
displacement of the mass is well established _ . It is a linear, ordinary differential equation given

by:
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d2x dx

m act2 + Rmech-_t + sx= f(t)
(2.6

where R.,ech is defined as the mechanical resistance and s is the spring constant. For the steady-

state solution to cqt_ation 2._; the driving force is assumed to be complex of the form:

f(t) = Fe iwt (2.7)

The solution of the differential equation is then of the form:

x = Ae i°gt (2.8)

where A is in general complex. Substituting _'qua_ion 2 _:,'into equation 2.6 and solving for A in

terms of the driving force yields an expression for the displacement:

Fei_ ....

Differentiating eqt_ation 2,9 yields the complex speed:

U

fe iat

[Rmech
The complex mechanical impedance is defined as the ratio of the driving complex force to

the resultant complex speed at the point where the force is applied. Thus from equaticm 2. i0,

this ratio is: ................ :......

Fe _t
Zmech - _ Rmech + iXmech

1l

= Rmech + i
S

Mechanical CO
Mass Reactance MechaniCal

Stiffness Reactancc

14

(2.11)
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Note that the mechanical reactance of the system can be separated into two parts: the

mechanical mass reactance and the mechanical stiffness reactance. The mechanical mass

reactance is the inertial contribution from the mass of air in the orifice. By analogy, the stiffness

reactance is that part of the acoustic reactance that results from the air contained in the backing

cavity. Thus, the cavity provides the "spring" for the system. In general, the total reactance acts

as a mechanism that can store and release energy provided by the driving force, just like the

spring and mass in the spring-mass system.

The acoustic impedance results from normalizing the mechanical impedance by the orifice

area. The normalized acoustic impedance then becomes:

Z

pc

Zmech = Rmech +i

AoPC AoPC

OJm s

AoPC mAoPC

Acoustic Acoustic
Mass Reactance Stiffness

Reactance

R .Z
= m + l-- (2.12)

pc pc

The first term in brackets in equation 2.12 is referred to as the normalized mass reactance which

is the reactance associated with the opening of the resonator. The second term in brackets is

referred to as the stiffness reactance. A description of the stiffness constant, s, can now be

expressed in terms of thermodynamic and geometric parameters.

The stiffness constant is analogous to the spring constant that obeys Hooke's law where the

force applied is the acoustic pressure multiplied by the resonator opening area and x is the

distance needed for the "spring" to maintain this force:

Force = pA o = sx (2.13)

The volume change due to the mass pushing the air in the resonator cavity is:

AV = -Aox (2.14)

The acoustic pressure can be written in terms of the change in volume using the equation of

state:

p = pc 2 (2.15)

The change in instantaneous density can be written as:
I

Ap AV

p' V

Using equations 2.14 - 2.16, the stiffness constant can be expressed as:

2

s = pc 2 A°
V

(2.16)

(2.17)
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Now the impedance of the Helmholtz resonator using equation 2.17 and 2.12 can be expressed
as;

z R .F cA,,l
-- -I-! (2.18)

For a cavity that is cylindrical with area A and length L, equation 2.18 can be rewritten as:

-'_ pc LAoPc toAL J

_ R +i[ tOm _Yc]
pc LA_ E

(2.I9)

Simplification of the General Cavity Model

The expression for:the Helmh01tz resonator impedance can also be found from a more

general expression beginning with equation 2.5. Comparing equation 2.5 with equation 2.19, the

impedance of a cavity-backed opening can be expressed as:

i tom= B + . o" cot(kL) (2.20)
pc pc _

Equation 2.20 is more general than equation 2.19 because it can be applied for conditions when

the incident acoustic wavelength is largeor small comparedto the dVmensions of the resonator.

This can be seen by replacing the cotangent function with its equivalent series expansion- :

pc" pc' LAoPc 3 45

In order to consider the resonator a Helmholtz resonator, the wavelength must be small

compared to the resonator dimensions. This corresponds to kL >> 1 and equation 2.21 becomes:

i o.lm ff-- -I- °

pc pc A_ kL

= B + _ (2.22)
pc

Equation 2.22 is equivalent to the result derived from the harmonic oscillator model given by

equation 2.19. ::

Resonance and Anti-Resonance

An important aspect of an acoustic resonator is its resonance frequency. Acoustic resonance
and anti-resonance are defined as follows2 :_:

Resonance." Occurs when the liner resistance is small and the reactance vanishes.

Anti-Resonance: Occurs when the liner resistance is large and the reactance vanishes.

Thus when resonance occurs, the imaginary part of impedance is zero providing that the

resistance is relatively small. The resonance frequency of a Helmholtz resonator can be
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determinedby finding thefrequencyatwhich theimaginarypartof equation2.19becomeszero.
This yields:

2 c 2 Ao_
COres - (2.23)

mL

The mass can be expressed from the density of the fluid and geometry of the opening as:

w

m = PAoh (2.24)

q

h = thickness of covering plate + some additional length

This mass will be referred to as the acoustic mass, as it is the mass that contributes to the

acoustic impedance. The additional length is referred to the mass or inertial end correction to the

plate thickness, h, and will be discussed further in the next section. Substituting equation 2.24

into equation 2.23 results in the well known equation for the resonance frequency ofa Helmholtz
resonator:

r'-7-,

OOres = c_ _ (2.25)

V - Resonator Volume

The resonance frequency can also be determined from the more general expression in

equation 2.20. Equating the normalized reactance to zero yields a transcendental equation whose

roots are the resonance frequencies of the resonator.

O'C Okres L
OJres - ---;"cot( ) = 0 (2.26)

h c -

For large wavelengths, the first root to equation 2.26 will be equivalent to that obtained from

equation 2.25. The higher multiple roots result from standing waves in the cavity and are not

harmonically related to the smallest root. In Sections IV and V, the resonance frequencies of a

cavity-backed perforate or orifice will be referred to as the 1_t, 2 nd, 3 rd, etc. resonance frequencies

corresponding to the lowest to highest roots to equation 2.26.

Primai3_ and Secondary, Resonance of 2DOF Liner

If two-cavities are connected by an opening similar to that shown in Figure 2.3b, then the

resulting model is considered to be a two-degree-of-freedom (2DOF) system if the incident

wavelength is much greater than the cavity and opening dimensions. The 2DOF liner resonance

frequency can be determined from a more complicated expression for a double Helmholtz

resonator (see Blevins _ _') that results in two resonance frequencies.

These resonance frequencies can also be determined from an expression for the combined

liner impedance. In the next section, an expression is developed for the impedance of an orifice

and a perforate which are typical coverings for the two cavities making up the 2DOF liner. The

combined 2DOF liner impedance model will be presented in Section III. The frequencies at

which the normalized reactance of this combined system is zero and the normalized resistance is

relatively small are the resonance frequencies. The corresponding frequency at which the

normalized resistance is very large while the reactance vanishes is the anti-resonance frequency.
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The lowest frequency that corresponds to resonance will be referred to asthe prima_

resonance frequency. Likewise, the next highest frequency corresponding to resonance will be

referred to as the secondary resonance frequency. This terms will be used for the 2DOF liner

study presented in Section III.

Absorption Coefficient

A common and useful quantity that can be computed from the impedance is the absorption

coefficient. It is a measure of the amount of incident acoustic energy that is absorbed by a given

material. For the condition of no mean flow and normal incidence, the absorption coefficient is

defined as:

IR12o:= I- f (2.27)

where Rf is the normal incidence reflection coefficient. The reflection coefficient represents the

fraction of incident acoustic pressure that is reflected back towards the source and is defined as:

P
R I = ---'¢ (2.28)

• 8 :::

where

P = Bei('_+_)

where Pr and Pi are the incident and reflected acoustic pressures, respectively. For plane waves

and normal incidence, the impedance at the surface of a material is expressed as the ratio of the

acoustlc_prekffu_eS6 the particle veiocity .at the surface. T l'ii_ delves...................from the mechanical

" ana[ogy_m_entioned abovewhere tfie im_dancewas de_necl"as_tfie ra_tiO_of the_drivifig:f0rce to

_the speed 6_tlqe-n-iass. _:_t the surface of a _aiei:ial-exposed tO no_a] incidence planar acouStic

waves, the complex impedance (Z_) can be expressed in terms of incident and reflected quantities

as:

Zs =P/+_" :(2.29)
u i + u r _

, =, =7= 7,

For plane waves, the particle velocity Can be written in terms of the wave impedance of the

propagating medium. With air as the propagating medium, u_ and u_ are expressed as:

_& _Pr
u i- ; Ur= (2.30a,b)

pc. pc

Using the definition of incident and reflected acoustic pressure from equation 2.2_ along with

equation _._9, the surface (x = 0) impedance can be expressed as;

A+B
Z s = pc-- (2.31)

A-B

Now the square of the reflection coefficient amplitude can be expressed in terms of the incident

and reflected pressure amplitudes:
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2 I_12 82
IR_- T_-7 <_.3_

Solving for the reflected amplitude, B, in terms of the incident amplitude, A from equation 2.31

and substituting into cquarkm 2.32 yields:

,112
IR_l2_

+'/I2
From equation 2.33 and 2.27 the absorption coefficient becomes:

Finally, the absorption

o_=1

ii +,/2
coefficient can

Substituting the complex impedance components into

manipulation, the absorption coefficient can be expressed as:

4 __._-

a--

(_c + 1)2 +(_) 2

(2.33)

(2.34)

be written in terms of resistance and reactance.

equation 2.34 and after some

(2.35)

Equation 2.35 is used to compute the absorption coefficient from measured impedance in a

normal incidence, plane wave environment.

2.4 Linear Model for Impedance of Orifices

By far the most common orifice geometry is circular and therefore the bulk of the literature

deals with circular orifices. When noncircuIar orifice shapes are discussed in the literature,

square or rectangular shapes are normally addressed. The orifice shapes that will be studied in

the present work will be much more deviant from circular or even rectangular. The development

of an analytical expression for the impedance of an orifice under linear assumptions is now

presented. The term "linear" in the present context is defined as the impedance of the orifice

behaving independent of incident sound pressure level. Conversely, the term "nonlinear" implies

that the orifice impedance is a function of the incident sound pressure level.
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Impedance Within Narrow Tubes

If the orifice is treated as a narrow tube, as shown in lVi_u'c 2.,_, then by balancing the

viscous and inertial forces the acoustic impedance can be expressed by>7"_:Q

Sp [ficoP-_ a( a_l= r t, rg)J" (2.36)

Equation 2.36 can be re-written as:

= +--- +k_ u (2.37)
/Jo2r 1"o3"

where ks2 = icop
//

Equation 2.37 can now be solved using Bessel Functions.

the velocity, the acoustic impedance of the narrow tube is:

Taking the ratio of the pressure to

icoph

Ztube = [ 2J, (ksr o) ] . (2.38)

1 ksroJo(karo)JL

where

Jo, Ji are zeroth and first order Bessel functions of the first kind

The quantity, ks, is the wave number associated with the Viscous Stokes wave. Equation 2.38

can be approximated and assumes that all of the forces are linear, that is, the viscous and inertial

forces are independent of the acoustic driving force. After normalizing with respect to the

characteristic impedance of air, 9c, cqua_ion 2.38 can be approximated depending on the value of

pc

Ztube _ _

pc

lksroJ:

hI2 J_ h2_/T_-7+,_ +co for ]k,.ro]> 10 (2.39) =

cr o c ro :

8vh .4co_ forlk,_ol<I (2.40)
Cro2 +t3 c

_ 8_vhl Ik_r°12
pc-cr 2 1+ 3-"-_ -t-i_c

1
1+

9+I_'r°l_
2

for 1 <lksro[ < 10 (2.41)
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The real portion of equation 2.3(_ was first determined by Helmholtz 27 The real part of equation
".4(; is known as Poiseuille's law of resistance for laminar flow in narrow tubes. For most

orifices and perforates in acoustic liners, equation 2.39 is applicable. When l<[roks]<l 0, Maa 2''

7 1 ' •" I",offers the approximation in equation 2.41. t!:hl.ldtlo[ _" 2.38 ......2.41 are expressions for the

impedance of a viscous medium set in motion inside a tube of length, h.

Definition of the End Correction

The impedance expressed in the equation 2.38 does not address the contribution of the air

just outside the orifice on each side. Consider a single circular orifice in an infinite plane as

shown in Figure 2.5. When the orifice is exposed to incident sound, the air inside the orifice

oscillates in some relationship with the driving acoustic force. That is, the air in the orifice

behaves as a piston of air. The vibrating mass of air in the orifice "pushes" portions of the

surrounding air on either side of the orifice, labeled as attached mass in Figure 2.5. This leads to

the so-called "end-correction. ''>: The additional impedance that is associated with the attached

mass is constructed from the radiation impedance of the orifice.

Radiation Impedance

If the orifice is analyzed as a thin circular piston of air in an infinite baffle, then under

acoustic excitation, the piston will radiate sound back towards the source direction. The

resulting impedance can be expressed as>;_:

Zrad = AoPc(Rrad + iXrad )

where

Rrad = l Jl(Zkro)= (2kro) 2

2kr o 22 • 1!-2!

(2l.o)4
24 • 2!o3! +

412kr o (2 kro )3 (2kro) 5 ]Zrad =-_k' 3 _5 _ 3_-_7 ....

(2.42a)

(2.42b)

(2.42c)

When kro << 1, or when the acoustic wavelength is much greater than the orifice radius, the

normalized radiation impedance simplifies to:

1 ,(°)2Rrad _= -(kro )2 = 2 -7 r° (2.43a)
pc 2

8 _ 8 co
Z radpc =- -_ ( °)= "_ rO--c (2.43b)

Note that the radiation reactance in equation 2.43b is of the same form as the reactive

(imaginary) part of equations " _(_ " ,..:.:_J - z.4| namely, the inertial contribution. Similarly, the
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resistive(real)partof cquation2.43acanbegroupedwith the real part of equations 2.39 - 2.4t.

The radiation impedance forms the basis for the end-correction to the core orifice impedance.

Mass Inertial End Correction

Recall from Secliop, 2.3, that the acoustic impedance of a cavity resonator is analogous to

driven mass-spring oscillator. As the mass oscillates, it alternatively accepts and re-distributes

acoustic energy. From Figure 2.:< the mass reactance can be broken up into regions within the

orifice and external to the orifice. The imaginary part ofcqtmtiotl 2.3g represent the reactance of

the orifice within the orifice, denoted by Z,,,i- below. It is common to ignore !he .viscous

component of the imaginary part of equalioN _ ""_..>_ since it is usually very much smaller than the

impedance of air :'+. The external contribution (denoted by Zme) comes from the radiation

impedance. Classically: _'_the radiation reactance was assumed to be acting on both sides of the

orifice. Thus by combining the imaginary part of cquatio_ 2.3? (ignoring the viscous

component) and twice equaticm _,4.., the total mass reactance of the orifice is:

Xm = Zm; + Xme
pc pc pc

The term S,_ in the parenthesis of equation 2o4_ is considered the effective length that should be

added to the orifice thickness, h, for determination of the mass reactance. Therefore the classical

inertial mass end correction is given by:

Radiation Impedance Revisited

"_ _ developed in the context of a circularThe end correction expressed in equa_io_ _.4.. was

orifice radiating in an infinite baffle. The radiation impedance of a noncircular orifice is more

complex and was first addressed by Ingard >i_ and more recently by Chanaud '__ Ingard

-examined c6_ecfions for=Orifices :that were rectangular as weli as circular and that were backed

on one Sidewh](a:rectan_iar or a circular cavity. He computed the correction due to a "non-

Circular baffled piston radiating to a circular or rectangular tube. His key result germane to the

current work is his analytical approximation for orifices of area Ao radiating into cylindrical

tubes. For orifice radius to tube radius ratios less than 0.4, his approximate mass end-correction

was:

a,n i _ 0.48 * _o(1 - 1.25_) (2.46)

where { = r°
R
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Here, R is the cylindrical tube radius. Equation 2.46 holds for circular and square orifices

backed by a cylindrical tube. If the orifice has the same cylindrical cavity on both sides, then the

total mass end correction is twice that found from equation 2.46.

Chanaud also examined rectangular orifices as well as orifices made up of two rectangular

shapes placed perpendicular to each other (referred to as "cross-orifices"). Figure 2.6 shows the

orifice shapes Chanaud examined. For the side of the orifice that faces away from the cavity,

Chanaud found that no closed form solution for a rectangular radiating piston existed; so he

restricted his analysis to wavelengths much larger than the longest dimension of the orifice. This

is equivalent to kro << 1. Chanaud then computed an equivalent round orifice radius that had the

same area as the non-circular orifice. The equivalent radius was then used as one part of the

mass inertial end correction.

For the side of the orifice facing the inside of the cavity, Chanaud followed Ingard's formulation

for an orifice backed by a rectangular cavity and this part of the mass internal end correction

resulted in the expression:

oo oo coth(kxL )
L Z Z Vm,,I_2,, (2.47)

8m-facing caviO" AoAc m=0n=0 kxL

where

L Cavity Depth

Ao Orifice Area

A c Cavity Cross Sectional Area

Voo = 1

VmO = yOn = 2, for allm and n

Vmn = 4, for allm and n

I.,,,= cos( Torifice ) COS dz

The integral in equation 2.47 depends on the geometry of the orifice. In general, this more

complicated end correction becomes important when the dimensions of the cavity become

extreme, i.e., shallow and wide cavities or deep and narrow cavities. Under the assumption of

the incident wavelength being much larger than the orifice dimensions, Chanaud concluded that

orifice shape does not significantly affect the resonance frequency of a resonator even though the

interior mass end corrections he computed by equation 2.47 were between 50 and 70 percent of

that predicted by the classical formula (see equation 2.45). These conclusions were based on

orifice areas that were 12.6% of the resonator face area and they suggest that the contribution

from the orifice shape to the end correction does not impact the total resonance of the system

significantly. Chanaud did not examine the effects of high amplitude sound impinging on non-

circular orifice shapes.

23



Mass End Correction ['or an Elliptical Orifice

The present study deals with orifice shapes that, in some cases, can be close to elliptical in

shapes. An analytical expression for the mass end correction for an elliptical orifice is now

presented.

The mass end correction for an orifice of area Ao can be expressed as 2 J3:

6m = A° (2.48)
K

The term K is referred to as the orifice conductivity. Rayleigh z14 derived an analytical

expression for the conductivity of an ellipse which is:

K = 1 +-- +- + ...... (2.49)
64 64

where e -- eccentricity

The eccentricity of the ellipse is defined as:

a2_b 2
e - (2.50)

a

where a - semi-major axis

b - semi- minor axis

Substituting equation 2.49 into 2.48 yields:

,/-fro

_m=[ _4 21 + 6"4 +C4+64 ......

(2.51)

Thus, for a circular orifice (eccentricity = 0), the end correction is consistent with twice the end

correction expressed in equation 2.46.

Viscous End Correction

The attached mass present outside of the orifice also has an effect on the resistance of the

orifice. In a sense, the additional "tube length" represented by the attached mass end correction

will increase the viscous resistance. Sivian -'_':_recognized the need for this correction and he

assumed that tNS added length was the same as the inertial end correction, namely, that

_A.,. Ingard _ _ found from his experiments that the viscous end correctionexpressed in equation 4

was closer to a value of 2ro. This latter correction has been generally accepted and is used in

most perforate impedance models z7. The resistive contribution from the radiation impedance is

usually neglected because its magnitude is much smaller than the internal viscous impedance.

The viscous end correction can be applied directly to equation 2.38 (or equation 2.3!) - 2.4 [) as
an addition to the orifice thickness.
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Theincreasedorifice resistancedue to conversion of acoustic energy into vortical energy is

treated as a fluid dynamic loss that can be expressed as a function of the mean (root mean

squared) velocity through the orifice. This effect, which is substantial, is treated in the next

section.

Accounting for Interactions between Multiple Orifices

As multiple orifices exist in a perforate, they can interact with each other and affect the

overall perforate impedance depending upon how close the orifices are spaced. This is

determined by the porosity of the perforate which is a ratio of the open-area to the total area

exposed to incident sound. Recall the physical picture presented in iz_'igure 2.5 of the so-called

attached mass of an orifice. The extra "length" of the orifice was idealized as a cylindrical

extension of the orifice. Melling _7 suggests that the actual attached mass distribution is more

like that shown in r_;igure 2.7. As the spacing of the a perforate is reduced, the attached mass for

each orifice can interact with each other. This interaction reduces the amount of mass outside of

the hole region that can be affected by the oscillatory motion of the air inside of each orifice.

Thus, the mass reactance of the total perforate will be reduced. Since the spacing is a function of

the perforate's porosity, the inertial end correction and hence the mass reactance will be reduced

as the porosity is increased.

Ingard _ _ considered the interactions of two orifices and concluded that (combining the effect

on both sides of the orifice) a modified inertial end correction should be:

(2.52)

where 6 is the porosity of the perforate and is defined as the ratio of open area of the perforate to

the total area it encompasses. This interaction effect has been generally adopted for impedance

models of perforates.

Summao_ of Linear Impedance Model

We can now write down an expression for the normalized impedance of an orifice by using

cqu:_tiot_ 2.3g and the concept of end corrections:
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Zo = Ro +iZ__o.

pc pc pc
(2.53)

= Real' ic0 h'vi _

2Jl(ksro) ]
]- 1;,,roJo(ksr ° )

where ......

I

hvis = h + S_is

I

h m = h + (_m

E 1ico h m
P _ Imag

2J, (ksr o) ]r

1 ksroJo(kflo )jj

=

For circular orifices and most applications, the accepted values of the end corrections are:

_vis = 2ro (2.54a)

C 8
Sm =2 mr o (2.54b)!

\3n: J

Equation 2.54b can be corrected for an elliptical orifice using equation 2.51. For a perforate of

porosity o _:quatl,,u ....5._ is multiplied by 1/cr and the inertial end correction is modified using

eq_Jati0_, 2.52. The multiplication of the inverse of the porosity is to account for the correct

particle velocity in each orifice by enforcing continuity. That is, the particle velocity in each

hole is expressed from continuity as: ,: : =

u, = _ruo (2.55)

where un - Incident particle velocity

uo - Particle velocity in orifice

The perforate impedance then becomes:

= zo
pc O'pc

(2.56)

with

hrn=h+ 2 1-
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2.5 Nonlinear Effects Part I: Orifice Impedance at High Sound Amplitudes

It is generally acknowledged that Sivian z_, in 1935, was the first to observe the phenomenon

of increasing acoustic resistance (thus, impedance) with a corresponding increase of the orifice

particle velocity. This observed behavior has many far-reaching implications in the design of

resonant absorbers that rely on perforates and/or single orifices, including classical Helmholtz

resonators. Since the theories discussed in the previous section do not reflect this behavior, a

description is needed to account for the rapid increase in orifice impedance with orifice velocity.

A failure to account for this in the design of resonators can lead to large errors in the prediction

of impedance at high incident sound pressure levels. Furthermore, the present research is

concerned with the effect of orifice shape on this high velocity phenomenon and as such,

attention needs to be paid to how the shape will impact any analytical treatment. To the author's

knowledge, the previous work dealing with the nonlinear aspects of orifice impedance has dealt
.... • 2,10

almost exclusively with circular orifices, most notably by _wlan , Ingard and LaBate z_,

Ingard __, Ingard and Ising _ _6, Zinn:: 17, Mellinga.7, Hersh and Rogers :__, Cummings "__'_, and

Salikuddin and Brown :-_°. In selected cases where the nonlinear response of a non-circular

orifice has been studied, the shape has been rectangular [Sivian]. An exception is the work

reported by Prasad ....... He looked at the nonlinear behavior of what he referred to as louver

orifices for automobile muffler use.

The effects of high amplitude incident sound on the impedance of an orifice can be summed

up with two simple statements: 1) The acoustic resistance increases as a function of the sound

amplitude and 2) the acoustic reactance stays relatively constant but starts to decreases after a

certain sound intensity is reached. The physical reasons for these effects and how they can be

incorporated into impedance modeling will be discussed in terms of resistance and reactance

separately.

Acoustic Resistance

When Sivian "__' observed the marked increase in resistance with a corresponding increase in

particle velocity in the orifice, he at first speculated that the resistance increase was mainly due
to the turbulence within the orifice. However, his calculations of Reynolds number was much

lower than what has been typically assumed for turbulent flow, i.e., below 1400. For all of the

orifices he tested, the increase in resistance for all orifices had a remarkably similar trend,

namely, a relatively constant resistance below orifice velocities of 0.5 m/s followed by a rapid

rise that appeared to be linearly proportional to the velocity. Figure 2._ shows this trend. At

orifice velocities below 0.5 m/s, the resistance was observed to be independent of the orifice

velocity. This corresponded to the linear viscous resistance that can be predicted by equation

2.53. Above a particle velocity of about 1 m/s, the resistance increased in proportion to the

orifice velocity. This formed the nonlinear region of acoustic resistance of an orifice. Since the

flow in the orifice was thought to be in the laminar regime, Sivian theorizes that the increased

resistance is an effect of the increased kinetic energy within the orifice. In other words, the

acoustic resistance at high particle velocities can be thought of as a steady flow pressure loss.

This pressure difference across the orifice is the kinetic energy as expressed in Bernoulli's

equation. This acoustic pressure then becomes directly proportional to the square of the particle

velocity. When expressed in terms of impedance the resistance can be approximated as:

R -_ R o + -_ (2.57)
2 Ao
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whereRo is the resistance associated with the "low orifice velocity" case and [U[ recognizes that

the flow in the orifice aperture is alternating. Plotting equ:_tiola 2.57 with his data, he found that

it followed the trends reasonably well. Sivian observed the behavior of the resistance at high

orifice velocities, the so-called nonlinear behavior, and concluded that it can be explained

partially on the basis of the pressure loss across the orifice due to particle velocity acceleration,

i.e. an increase in kinetic energy. He speculated that turbulence can be a factor, but need not be
the sole cause.

In an important article, Ingard and Labate :_ undertook a detailed study of acoustic incident

sound on an orifice by examining the flow patterns resulting from the sound-orifice interaction.

By visualizing the flow patterns in and around 25 circular orifices of different thickness and

diameters exposed to an incident sound wave, they distinguish four distinct regions of flow as the

particle velocity in the orifice is increased. They developed a phase diagram from their data and

showed that the acoustic impedance is closely connected to the flow regimes identified

separately, ingard and Labate referred to the various flow patterns as manifestations of what

they Call circulation. In the ContextOf their work, they used the word "circulation" to describe

the resulting vorticity in and around the orifice resulting from incident sound. In modem terms,

this can be described as the conversion of sound into vorticity that is generated at the orifice

edges. A typical phase diagram from their work is shown in !:_igure 2._). The four regions of the
diagram are described as follows_ J_:

Region I: Low sound intensity, where the flow is directed out along the axis of

the orifice and the circulation is stationary.

Region II: Flow is directed in along the axis of the orifice, where conditions are

reverse of region 1. : _ _

Region III: Medium sound intensity where pulsatory effects are superimposed on

a stationary circulation.

Region IV: High intensity sound where pulsatory effects are dominant, resulting in

the formation of jets and vortex rings synchronized with the sound

The terms out and in used above are defined as movement away from the sound source and

towards the source, respectively. As noted above, Region IV is characterized by a distinct jet.
Recall _:,, •, _et_re 2.2 shows evidence of the strong jetting representative of region IV described

above. It was found that for thicker orifices, it required more sound intensity to produce the jet in

region IV. Relatively thin perforates with orifice diameters less than 0.2 cm are more commonly

used in applications for acoustic liners. For such orifices the incident frequencies are such that it

is pdss_Ie for that a jump from region I to region IV can occur as shown in the lower frequency

region 0fFigure 2.9. Thus, intense jetting 0flthe fluid in and out of the o[ifice with its attendant

_vo_ices is expected for these perforatesl This wili have an important effect on the impedance of

the orifice. The circulation effects refer to these vortices and the other aspects of jet dynamics.

Since a typical orifice thickness is small, the viscous effects within the orifice are likely to be

negligible. Ingard and LaBate observed that the really large increases in the acoustic impedance

corresponded to the region IV flow regime. They suggested that the acoustic energy is

transformed into the kinetic energy of the jet and vortical energy of the jet. They did mention

that the "acoustic mass" or the reactance was found to be reduced relative to that at very low
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orifice velocities. The reduction was most evident when the "jetting" was evident from region

IV. No reason was given for this effect.

In his paper on the theory and design of resonators, Ingard" _ accounted for the nonlinear

effect with an additional resistance end correction. Using the terminology presented earlier, this

additional end correction is expressed as:

_vis = _Lin + _NL (2.58)

equation 2.54a

From measured data on circular orifices,

nonlinear end correction as:

Ingard expressed the empirical non-dimensional

(2.59)

The constant 0.7 outside the parenthesis and the exponent of 1.7 were determined from Ingard's

measured data. The quantity U is the root mean square particle velocity in the orifice. Note that

Ingard found that the resistance is not linearly proportional to the velocity, however, his

empirical relationship was based on orifice velocities less than 0.6 m/s and the linear relationship

was believed to become more prominent at much higher orifice velocities.

Fluid Mechanical Approach to Nonlinear OHfice Impedance

A resurgence of interest in the nonlinearity of orifices occurred in the 1960's. This stemmed

from the fact that acoustic liners in the form of arrays of resonators and perforated sheets were

becoming common on high by-pass jet engines and rocket motors. These liners were subjected

to high amplitude acoustic pressures. Bies and Wilson :':: measured the orifice impedance for

even higher orifice velocities up to 50 m/s, which were higher than those used by Sivian or

Ingard and, like Sivian, found a similar linear dependence of resistance with orifice velocity (like

that of equation 2.57). Even experiments in liquids showed the same nonlinearity of an orifice

exposed to intense sound pressures >:'_.

Except for the case where liquid was used, all prior impedance measurements were made

with a standing wave tube. In 1967, Ingard and Ising __6 published an important article on the

nonlinearity of an orifice. They made measurements with a hot wire in the aperture of an orifice

exposed to high intensity sound. Again, only circular orifices were studied. Particle velocities

up to 50 m/s were generated in the orifice. Figmrc 2. IO, taken from reference 2.16, shows their

experimental set-up. At orifice velocities above 10 m/s, it was found that the acoustic resistance

was linearly proportional to the velocity. This dependence is consistent with the findings of

others>7, : _0 and established a firm relationship between acoustic resistance of circular orifices

and high orifice velocity. Indeed, at these high velocity amplitudes, Ingard and Ising showed

that the resistance is much greater than the reactance and the magnitude of the orifice impedance

can be approximated solely by the resistance. The relationship for the normalized acoustic

impedance for very high incident sound pressure levels is consistent with Sivian's expression:
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RNL KlVol
- (2.60)

pc c

where Uo is the orifice particle velocity magnitude and the constant K is dependent on the fluid

mechanical behavior of the orifice in a "jetting" condition. The fluid mechanical approach to

describing orifice impedance at high incident sound amplitudes was subsequently pursued by
several researchers.

Zinn __::' developed a theoretical model that was based on the fluid mechanical behavior of

induced particle motion in and around an orifice. This approach was motivated by the "jetting"

observed by ingard and LaBate (corresponding to their Region IV). Using the appropriate

conservation equations for the inlet side of the resonat0rand the cavity side, Zinn formulated the
differential equations describing the first and second order effects. From his analysis, he

attributed the energy losses at high amplitude SPLs to the dissipation of the kinetic energy of the

"jetting" in the orifice. Zinn essentially assumed that at the exit (or cavity side) of the orifice, the

amplitude of the particle oscillation is very large compared to the orifice thickness, thus the flow

encompassing the formed jet can be considered quasi-steady. The resulting second order

momentum equation contained the jet velocity that would be observed in the absence of friction

forces and contraction effects. Zinn recognized this by incorporating an empirical relationship

between the orifice velocity and the real jet velocity:

_ Uo =uo
cD

where CD = Discharge Coefficient

(Z61)

The definiiion of the discharge c0efficient can be found_instaMard flow-meter literature 224 and

is expressed as the product of the velocity coefficient (Cv) and the contraction coefficient (Co).
Thus:

C D = CvC c (2.62)

The term Cv is referred to as the velocity coefficient and is a measure of how much the actual

velocity differs from the ideal velocity through the orifice and is defined as:

c, (2.63)
Uactua[

The contraction coefficient, Cc, is defined as the ratio between the area associated with a vena

contracta (A_) and the physical orifice area, (Ao) and is expressed as:

Q =A-4c- (2.64)
4,

In the literature, sometimes the distinction between the contraction Coefficient and discharge

C6efficient is blurred because the velocity coefficient is usually ignored. For incompressible
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flow, thedischargecoefficienthasbeenfoundto bea functionof Reynoldsnumberandorifice to
ductarearatio aswell asorifice geometry. Usingthe largedatabaseof steadyflow orifice data
(for circular orifices), Zinn used a dischargecoefficient of 0.61. This representedan
approximatevalue for the orifice type and Reynoldsnumber of interest. He derived the
following expressionfor thenonlinearresistanceof anorifice:

_=_..4_4uo (2.65)
pc' 3Jr CC2D

Equation 2.65 was used, with CD = 0.61, to predict the data of Ingard and Ising "_' and Bies and

Wilson :_:_;:. The predicted nonlinear resistance was in reasonable agreement with the data. The

importance of the discharge coefficient is evident from eqL_ation 2.65. For steady flow, it is

known to be a function of orifice Reynolds number and porosity when circular orifices are

considered :__*,:__.

The fluid mechanical approach of Zinn was extended by Hersh and Rogers-' _. The main

difference is that Hersh and Rogers assumed spherical inflow whereas Zinn assumed a one-

dimensional inflow. FigL_c 2.1 l shows a schematic of this spherical inflow. Hersh and Rogers

modeled the acoustic velocity in the vicinity of an orifice, in the first approximation, as an

unsteady, incompressible flow. This fluid mechanical model was semi-empirical and predicted

the orifice impedance in both the linear regime (low incident sound pressures) and nonlinear

regime (high incident sound pressure). Like Zinn, Hersh and Rogers used the concept of the

discharge coefficient to model the acoustic flow through the orifice. However, they defined the
,.6._. Theirdischarge coefficient as essentially the velocity coefficient, as expressed in _qt_alio_ _

main result for the nonlinear regime was:

RNL 0.64 CDOg(d +

pc' = C2 1-1.06 ui c (2.66)

By comparing c:qu_tioTx 2,66 with the experimental data from Ingard and Ising and Thurston, et

al., Hersh and Rogers determined that the best fit was achieved with a discharge coefficient of

about 0.8. Note that ,quatior_ 2.66 is expressed in terms of the orifice ideal velocity, u_, and not

the maximum velocity, urn,x, as labeled in l:igt_rc 2. t 1.

Accounting for Orifice Interactions and Porosity

Melling 2: developed a fluid mechanical expression for the nonlinear resistance that

accounted for an array of orifices (i.e., a perforate) or a single orifice enclosed duct with a given

porosity. This is accomplished by using the porosity parameter to effectively reduce the

resistance as the porosity is increased as shown below:

RNL 0.6I I -fy21IUo-rms

c (2.67)

Equ_tion 2.67 is very similar to cquafio_ 2.66 and compared reasonably with Melling's

experimental data for perforates with circular orifices. Melling also recognized the importance

of the discharge coefficient. He compared discharge coefficients inferred from his data with
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steadyflow determineddischargecoefficientswith reasonablesuccess.Melling found thatthe
dischargecoefficientsthat fit his datawere approximately0.89 and 0.96 for perforateswith
porositesof 7.5%and22.5%,respectively.

Acoustic Energy Loss due to Vortex Shedding at an Orifice

It has been established that as the driving acoustic force increases in amplitude, the acoustic

resistance of an orifice increases. This has been explained as a conversion of acoustic energy

into vortical energy. Specifically, as sound interacts with an orifice, vorticity is shed at its edge
and convects downstream. Several researchers have studied this interaction in the context of

acoustic power losses of nozzle terminations with a steady mean flow superimposed on an

acoustic field. Notably, Bechert ''_ and Howe :':'- formulated theories for the absorption of sound

due to vorticity shedding in the presence of a mean flow. These models accounted for the

convection of the shed vorticity in the mean jet flow. When a steady fl0w is present, sound is

also absorbed in the jet turbulence that issues from orifices or groups of orifices "_:_"

Experiments measuring the acoustic power loss from nozzle exits "?:- have instigated

theoretical models that account for the shedding of vorticity from various nozzle terminations,

including nozzles terminating in orifice plates and perforates. Figure 2.12 shows photographic

evidence of vorticity Shedding frrm_Some tested nozzle terminations in reference _..J.

In an effort to understand acoustic power losses of pipesterminated with an orifice in the

presence or absence of mean flow, Cummings and Eversman '-'_ and Cummings: _'_developed a

theoretical expression for the acoustic resistance based on a fluid mechanical description of the

acoustic flow through an orifice in the vein of Zinn and Hersh and Rogers. Cummings and

Eversman's work was developed to help explain the experimental data of Salikuddin and

Ahuja 2:'7. Figxtve 2.13 shows the experimental set-up. They began their analysis by using the

unsteady Bernoulli's equation. By discarding the time-dependent terms (a steady flow

assumption) and writing the velocity in terms of an average value plus a perturbation, they

arrived at an expression for the impedance at the exit of the nozzle. The nonlinear resistive

contribution to the impedance was expressed as: _

Ir- -11

RNL = 0.57 [1- __Uo_rms I (2.68)

pc' C_2 o" c

= ,

Here, the use of the contraction coefficient, C¢, is employed, gqualio_ 2.69_, in conjunction with

a radiation impedance term and reactive term, was used with success to predict power absorption

and powertransmlsSion of experimental data using a contraction coefficient of 0.61. Figure 2.14

shows the genera! resu!t of the net acoustic power loss for a nozzle withan orifice termination.
A significant amount of loss is experienced at the lower frequencies. This was explained as the

large conversion of acoustic energy into vorticity that was first explained by Ingard and Labate.

Recali that at lower frequencies, significant turbulent jetting was observed from an orifice under

intense incident acoustic energy. This corresponded to increased acoustic resistance and hence

acoustic energy absorption.
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Acoustic Mass Reactance

The effect of high amplitude sound on the acoustic mass reactance of an orifice has been

addressed by several researchers and a general consensus has been reached on the end result _ _'

"___' _ _" _ "_' _ _'_ Intense sound produces high amplitude fluctuating velociO, within the orifice

which in turn tends to reduce the attached mass in the near field of the orifice. It is not quite

clear as to why this high velocity reduces the attached mass, however, most agree that the

turbulent jet produced by the intense sound "breaks apart" the oscillating slug of mass in and

around the near field or the orifice. Figure 2.[5 shows the general behavior of the orifice

reactance as a function of orifice velocity observed by previously cited researchers. The

reactance has a linear region where the orifice reactance is independent of the orifice velocity.

This is followed by a more or less linear decrease in reactance to some minimum value that

approaches one-half of the linear value. Most of all the researchers cited in the discussion on the

nonlinear resistance model in the previous section have found that a reduction in mass reactance

also accompanies the increased orifice velocity due to high incident sound pressure levels. More

specifically, the reactance is reduced by almost half at the extremes of orifice velocities

considered, namely 30 m/s.

Ingard __ made quantitative measurements of the mass reactance and showed that the mass

end correction at first stayed relatively independent of the orifice velocity until the onset of

strong jetting (recall his region IV defined earlier) in the orifice. The lower level circulation

effects, regions I, II, and III, didn't seem to affect the attached mass of the orifice. The

conditions that support the strong jet in the orifice coincided with a decrease in the mass end

correction and thus a decrease in the reactance. Ingard observed that this phenomenon was more

prevalent in thinner orifices (such as those commonly used for perforates) where the attached

mass contributes greatly to the overall reactance of the orifice. Ingard qualitatively explained

the mechanism that causes the decrease in mass reactance. He suggested that the kinetic energy

of the sound in and around the orifice is transferred into turbulent motion that "breaks away"

from the orifice. Thus, part of the reactance is lost and soon dissipated by viscosity. He then

suggested that the nonlinear resistance and reactance are related in that the decreased reactance

shows up as an increase in resistance. The data presented by Ingard shows that large diameter

orifices have less attached mass for a given orifice thickness. It should be noted that only
circular orifices were tested for nonlinear effects.

The same nonlinear model that Hersh and Rogers __ used to develop an expression for

acoustic resistance produces an expression for acoustic reactance of an orifice, shown below:

_ _'"2"r- 1+ 2.48 1- 1.06 • -- (2.69)
c L ui L ui

This model showed that the nonlinear reactance and resistance were coupled through the

discharge coefficient, which seems intuitive based on the dependence of Reynolds number of the

velocity in the orifice.

Summary of Nonlinear Orifice Impedance Models

It appears from the literature reviewed above that considerable progress has been made in

establishing the basic physical mechanisms that govern the impedance of sound impinging on an
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orifice. Thebulk of the literaturedealswith circularorifice geometry.Thekey finding is thatat
high orifice velocity, theacousticpressureis proportionalto the squareof the particle velocity.

This leads to a description of the orifice impedance as a "Bernoulli loss" or an association of the

pressure drop through the orifice with kinetic energy conversion. The introduction of the

discharge coefficient to account for viscous losses across the orifice provides a parameter to

which these losses can be "lumped." This loss coefficient is especially critical in the high

amplitude behavior of orifice impedance. Discharge coefficients of approximately 0.6 have been

used by several researchers 2_:__!_ to compare theirmodels W]-t-hmeasured data 0f single orifices,

with reasonable success• However, more recent semi-emp!rical correlations 2 _0 suggest that

Values of discharge coefficients close to 0.4 fit experimental acoustic data at these higher Ievels

well. Since acoustic pressures are unsteady, this suggests that the direct application of steady

flow discharge coefficients may not be compieteiy accurate, if this discharge coefficient can be

' used Universally, [e., _for C[rcuiaranci non2circular orificeS ailkel-then it should be abIe tO predict

the impedance of the eye-shaped orifices of the sliding perforate used in the present work•

In general, the acoustic impedance of an orifice subjected to high amplitude sound can be

represented by the nonlinear acoustic resistance. This is because the magnitude of the reactance

is reduced and is small relative the orifice resistance. At very high orifice velocities,

corresponding to high incident sound pressure amplitudes, the orifice resistance is several orders

of magnitude larger than the orifice reactance. Therefore, a good approximation of the high

amplitude orifice impedance is:

Zo _RNL., RNL >> ZNL (2.70)
pc pc pc pc

The expressions in terms of rms orifice velocity developed by Hersh and Rogers (cqtmtion 2.66),

Melling (cqua_ioii "_ "__.6_) and Cummings (cquatior; 2.68) are consistent in their general form.

Therefore, an expressi0n for normaf_zedorifice impedance at higfi ampliiudes and accounting for

porosity is given by:

= 0.6(1-o .2 lUo-rm,I
(2.71)

2.6 Nonlinear Effects Part ii: Grazing Flow Effects on Orifice Impedance

For acoustic absorbers made of perforated sheets or resonators with small openings that line

ducts carrying fluid, an additional physical mechanism contributes to the orifice impedance.

Tangential flow over orifices is commonly referred to as grazing flow. Orifices or perforates

exprsed to grazing fiow represent another facet of their nonlineariW With respect to their acoustic

impedance. In this case, the term "nonlinear" refers to the changing impedance with changing

magnitude of the grazing fl0w. The effects of grazing flow on the acoustic Impedance of orifices

became more important as more experimental observations began to show discrepancies between
• -, ._

the predictions and measurements of liner _mpedance _ J. This, of course, had an impact on

liners used in jet engines because in some cases, grazing flow velocities reached 130 m/s. It thus

became important to incorporate these effects in the impedance models. For the present study,
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the impact of grazing flow is not of primary concern because the orifice/perforate of interest is

located in the buried septum of a two-degree-of-freedom liner and hence it is not exposed to

grazing flow. Hence, details are spared and only a general description of the physical picture is

presented in this section.

Interaction Between Grazing Mean Flow and the Oscillating Orifice Flow

Beginning with the work of Meyer, et al. _'_, and later that of Feder and Dean: _:', and
Dean" _:_, it was observed that the acoustic resistance of an orifice backed by a cavity increased

with the magnitude of the grazing flow over the orifice.

Baumeister and Rice ''_4 performed detailed flow visualization of the interaction of grazing

flow over an orifice backed by a cavity (i.e., a Helmholtz resonator). They found that the steady

grazing flow and the oscillating orifice flow interacted mainly at the downstream lip of the

orifice, l::igure 2_l_i shows the physical picture of this phenomenon. It was speculated that this

interaction reduced the effective orifice open area. This picture was used to form the basis for a

semi-empirical model for the orifice impedance.

Effect Of Grazing Flow on Orifice Impedance

Rogers and Hersh ::s, building on their fluid mechanical model of acoustic resistance

discussed earlier, correlated steady-state resistance measurements of single orifices exposed to

grazing flow in terms of an effective discharge coefficient. In their work, Rogers and Hersh

provided a physical mechanism that explained the increased resistance with grazing flow. The

interaction between the grazing flow and the orifice "flow" into and out of the orifice causes the

"orifice flow to be constricted in its passage through the orifice." These inflow and outflow

conditions of the orifice took on what was called the "Inviscid Interaction model," or the "Lid"

model, where the orifice was seen to behave as ifa hinged lid covered the aperture, l::igure 2.17

shows the basic features of this model. During the outflow cycle, the lid tends to block emerging

flow and during the inflow, edge separation causes further restriction of the orifice flow. This

physical picture was observed in a water tunnel. Wind tunnel tests were also performed with

grazing flow speeds up to 84 m/s. The interaction model correlated the grazing flow with orifice

resistance and found that a different correlation existed between the inflow cycle and the outflow

cycle of the orlfice flow. In both cases, the resistance was proportional to a discharge coefficient

which in turn was a function of the orifice velocity and the grazing flow velocity.

For low grazing flow speeds typical of internal combustion muffler systems, Rao and

Munjal _ _ correlated perforate impedance as a function of grazing flow velocity, perforate

thickness, and perforate diameter. Their experiments examined the impedance of a perforate

with a maximum grazing flow Mach number of 0.2. Rao and Munjal provided curve fits of their

impedance data which showed that the resistance of the perforate increased linearly with grazing

flow velocity, while the reactance remained relatively constant.

More recently, Hersh and Walker __ further built on the earlier work of Rogers and Hersh.

They developed a one-dimensional fluid mechanical/lumped element hybrid model for predicting

the impedance of a Helmholtz resonator with grazing flow over the orifice aperture. They found

that the principal effects of grazing flow are to increase the resistance and decrease the reactance

of the resonator. They also found that resonator impedance becomes linear (independent of

35



sound pressureamplitude) at high grazing flow speedson the order of 0k,do which is the
resonancefrequencytimes the effectiveorifice diameter. Comparingwith experimentaldata,
HershandWalkerwereableto correlateimpedancewith severalcharacteristicvelocities. They
concludedthat at sufficiently high grazingflow speedson the order of 150m/s, the massend
corrections"virtually vanishes." This is explainedas the fluid associatedwith the massend
correctionbeingsweptawayby thegrazingflow.

2.7 Previous Work Related to Controlling Liner Impedance

Large turbofan jet engine with their characteristic tonal noise signature led to the

development of acoustic wall treatments of the resonant type. As mentioned in Section 1.2, the

honeycomb-type resonant liner has inherently good structural characteristics as well as high

attenuation over a small frequency band. It provides excellent attenuation for a single design

condition, but when conditions in the jet engine duct change (i.e., lower or higher engine power

setting, grazing flow _Math number changes) the si_ngle-point treatment design becomes non-

optimum or "de-tuned." This was recognized early in the deVelopment of such treatments and

several techniques have been put forth tO address this problem. _:_ ::

Variable wall impedance can be achieved via passive or active methods. Passive is defined

here as a system which requires no adjusting or moving parts. Active systems are those which

control or vary the wall impedance by some mechanical or electronic means once installed.

Truly actively-controlled systems can be realized by incorporating the mechanical or electronic

devices into a feedback loop to automatically adjust liner impedance.

Passive Control Methods

Several methods have been put forth with the aim of controlling the wall impedance

passively. In general, most of these Concepts revolve around Spatially varying geometric

parameters with the result of varying the local surface impedance. The concept of a segmented

liner (i.e, a liner which consists of'sections, each with a different impedance) is someWhat of a

"brute-force" way of controiIing the overall acoustic attenuation in a duct. Usually, to

accommodate the required attenuation, the length of a segmented liner is large: _'_.

A more efficient approach is the variable-depth honeycomb liner concept. Figu_c 2. l _ shows

the features of this type of liner. This method uses the sandwiched honeycomb resonant type

liner configuration that has a variable backing depth with axial distance. The varying depth

means that each honeycomb cell has a unique resonant frequency, hence as the depth changes, so

does the liner impedance. While maximum attenuation is not quite as good as a constant-depth

honeycomb liner, it attenuates over a broader frequency range .... . Figure 2.19 shows a

comparison of transmission loss between a typical constant-depth liner and a variable-depth liner
taken from ret_,_rcncc 2.39.

Figures, -',_.,'_0.-_.,_.:,_ "_ show several other different liner concepts, all based on a passive control

methods. Areas and Parente 2''J proposed a unique variable depth liner which uses the

circumference of a jet engine nacelle to form a "sine wave" variable depth honeycomb liner

which is shown in Figure 2,20. A novel approach to this concept was proposed and studied by

Wirt _ _1, see Figure 2.21. Placing a permeable oblique (tothe _ncident sound wave) obstruction
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in a honeycomb or other waveguide, produces attenuation results which are comparable to some

bulk absorbing material.

Shenoda _c discussed a liner that has spatially varying cell volume and shapes. This

provided a wide-band attenuation in tests conducted in a flow-duct. Spatially varying the facing

sheet porosity (in a preset, fixed manner) can also vary the surface impedance. Shenoda, et al :_'__,

examined a so-called "variable-slit" liner which varies the amount of face sheet area along the

flow direction of a duct. Figure 2,22 shows this liner concept with reflection coefficient and

transmission loss results. Their results show a significant attenuation over a wide frequency

range.

Snyder :_ disclosed a multi-layered (up to 7 layers) laminate installation in a jet engine

nacelle for improved sound attenuation, that is shown in Figure 2.23. By incorporating

protective layers (e.g., moisture barriers) this concept also fulfills structural design objectives.

Use of hollow rivets was suggested to act as a further conduit of sound to some of the

intermediate layers. The series of layers or laminate separated by air gaps make this liner non-

locally reactive to grazing incident sound.

Active Control Methods

Many ideas for new acoustic liners relating to jet engines have been proposed over the last 30

years. Few studies involving the active control of wall impedance in a jet engine environment

seem to have been pursued with research in the open literature, with a few notable exceptions.

Active control of wall impedance in a free-field application has been demonstrated recently by

Marc, et al _ ,_5. This research involves what the authors call "actively enhanced porous layers"

whereby the impedance of porous layers is directly controlled by using a control acoustic driver

on one side of the layer to alter the other side's impedance. The acoustic pressure on one side of

the layer is driven to zero at a single microphone located very close to the porous layer. This

concept is shown in Fig_re 2,24a. Microphones on the other side of the layer are used to

compute the reflection coefficient (and hence the absorption coefficient). A Least Mean Square

(LMS) computer algorithm is used to automatically adjust the control speaker for a given source

input. Figure 2.24b shows that high attenuation can be achieved. This concept is an extension of

Guicking and colleagues 2'_' ,:,_7 work who successfully demonstrated this technique in an

impedance tube.

Of particular interest to the present study is previous work on changing wall impedance

through the manipulations of the impedance of resistive layers in a multi-degree-of-freedom

resonant liner. The concept of introducing a steady flow through a resonant type liner in hopes
of controlling the resistance of the liner facing sheet has been postulated by Green and Feder -4_.

Such a system involves pumping a steady flow through the liner cells, which varies the liner

impedance, exploiting the nonlinearity of the perforates. Simply put, if the facing sheet

resistance can be varied, the total acoustic impedance of the liner as a whole can be varied. The

desired result is to adjust the peak attenuation frequency as dictated by the engine operating

condition. Figure 2,25:_, taken from Green and Feder _ _: shows a schematic of their concept.

Dean and Tester: '_''implemented a liner concept similar to Green and Feder's idea. Dean and

Tester were able to show that the peak attenuation of a resonant liner can be controlled by
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forcing air throughthe liner andallowing it to spill into the flow-duct. Theyshowedthat both
the normaland the grazingincidentimpedancecanbe alteredsignificantly. Where Greenand
Feder'spatentspokeonly of a singledegree-of-freedom(SDOF)liner, DeanandTester applied

the "bias flow", as they termed the steady liner through-flow, to a two degree-of-freedom

(2DOF) liner. Fig_re 2.251:, taken from refbrence 2.40, shows this bias flow concept. This had a

distinct advantage: it allowed the main controlling resistance to be that of the septum sheet

separating the two honeycomb cores. This septum is a low porosity perforated metal sheet

which, by design, has a highly nonlinear characteristic with regard to orifice flow. The facing

sheet (i.e., the perforated sheet exposed to the flow-duct) is typically of high porosity and not as

susceptible to the bias flow due to the grazing flow effect. Green and Feder did not claim a

reverse flow scenario in their patent and Dean did not test this possibility in his work. In recent

work at the Georgia Tech Research Institute' {' under the direction of Dr. K. K. Ahuja, it was

demonstrated that reverse bias flow or "suction" bias flow can be extremely effective in

controlling the liner impedance.

Finally, an interesting and potentially powerful concept for controlling wall impedance was

put forth by Harvey _s_ In a patent, Harvey, describes a movable perforate sheet on top of

another perforate sheet (forming either the facing sheet, the septum, or both). This has the

desired effect of changing the porosity of the combined sheets, which act as a single _mpediment

to incident sound. The porosity of the perforate sheet is a fundamental parameter that governs

the impedance of the sheet. This is the concept that is explored in the present work. While the

author has found this concept only in the patent filed by Harvey, implementation of this idea has

not been found in the open literature to date.
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Figure 2.1 Physical schematic of sound interaction with an orifice.
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a. f --- 130Hz

b. f--- 800 Hz

Figure 2.2 Photographic evidence of orifice "jetting" when subjected to sound.
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Figure 2.4 Narrow tube model used for internal impdance of an orifice.
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Figure 2.5 Attached mass of an orifice subjected to incident sound.
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Figure 2.6 N0n-circular orifice geometry used by Chanaud [ref. 2.12] to

compute radiation impedance.
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Figure 2.7 Orifice end-correction interaction as suggested by Melling [ref. 2.7].
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Figure 2.9 Phase diagram of flow regime regions associated with oscillatory flow

through an orifice from Labate and Ingard [ref. 2.15].
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Figure 2_ i_O_EXperimen_ arrangement for the_measurement of orifice velocity

as a function of incident sound amplitude from Ingard and Ising [ref. 2.16].
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Figure 2.11 Instantaneous flowfield near orifice for fluid-mechanical model

of Hersh & Rogers [2.18].
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Figure 2.12 Vorticity fofma{ion at exit of nozzle with various termination

geometry configurations; No mean flow present (ref. 2.27).
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Figure 2.13 Experimental arrangement for quantifying net acoustic power loss at

nozzle exit [ref. 2.27].
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Figure 2.17 The "Lid" model of Rogers and Hersh [ref. 2.35].
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Figure 2.20 Variable-depth honeycomb liner concept from Arcas and Parente (ref. 2.40).
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Figure 2.23 Multi-layer perforate liner concept of Snyder (ref. 2.44).
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SECTION III

Absorption Control of a 2DOF Liner

with a Controllable Buried Septum

3.1 Introductioq

This section examines the/application of the varable- orifice perforate concept introduced

in Section I as a component in a two-degree-of-freedom acoustic liner. Experiments were
conducted that characterize the liner's performance and the effectiveness of the variable liner

impedance concept.

Obiective

The objective of this Section is to quantify the degree of absorption control that can be

achieved by usmg a variable porosity and variable geometry perforate as the buried septum in a

two-degree-of-freedom liner that is similar to liners used in turbofan engines as acoustic

treatment.

Outline of Section

This section will describe two main types of experiments: 1) Normal incidence impedance

measurements and 2) Liner absorption measurements in a flow-duct with a specified noise

source upstream. A description of the experimental approach of these experiments, prediction of

the liner resonance frequencies, and the facilities and data processing used will be discussed

before the presentation of the results.

3.2 Experimental Approach

Two-Degree-of-Freedom Liner

Using commercially available stock honeycomb and perforate, a 2DOF liner was built that

could be us ed__as flow_-_duct wall treatment and another wasbuilt that could be used in a normal

incidence impedance tube. These liners had a buried septum that consisted of two perforated

sheets with the ability of one of the sheets to slide over the other. This dual-layer liner was

chosen for testing for two reasons: I) it is a common liner type used in the aircraft engine

industry and 2) the effects of the sliding buried septum are not complicated by grazing flow.

Changing-th_-se-l_-tum i_0roslty, anddiUS orifice shape, was believed to alter the tuned resonant

frequencies J t-fi-e-iiner. Characterizing the acoustic impedance and absorption as a function of

this change in buried septum was accomplished by examining the normal incidence behavior in

an impedance tube. Attenuation characteristics were then examined by measuring transmission
loss and insertion loss of the liner in a flow-duct.

Normal Incidence Behavior

The acoustic behavior of the tunable-septum liner, particularly the resonant frequency

behavior, was first examined in a normal incidence impedance tube. A 2DOF liner with a

variable buried septum was constructed that was approximately 4.5 inches square in surface area.
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The primary objective was to determinehow much the primary and secondaryresonant
frequenciescanbe shifted with a very small amountof mechanicalmovementof the septum.
Recallfrom SectionII that theprimaryandsecondaryresonancefrequenciesrefer to thefirst and
secondfrequenciesin the impedancespectrumwherethenormalizedreactancevanishesandthe
normalizedresistanceis relativelysmall.

Flow-duct Behavior

The acoustic behavior of a tunable-septum liner was also quantified in a grazing incidence

and grazing flow environment. This was accomplished in a flow-duct where acoustic energy

was superimposed on a mean flowfield. The liner performance was quantified with two

experiments outlined below.

Transmission Loss

A section of one side of the flow-duct downstream of an acoustic source, was treated with the

tunable-septum liner. Sound pressure levels along the centerline of the duct were acquired so

that the transmission loss could be calculated as a function of liner septum configuration. Figtue

3. l_:_shows the basic set-up for this experiment. The transmission loss is defined as the amount

of incident acoustic energy that is lost, presumably, to a liner on the wall of a duct. The

difference between the incident acoustic energy upstream of the liner and the incident energy

after passing the liner is referred to as the transmission loss. Figure 3. Ii_ shows schematically

incident acoustic energy in the context of a non-anechoic duct termination. Once the incident

power (W,) is computed, the transmission loss is calculated as follows:

TL = 10 log Wi _ upstream ofliner
Wi - downstream of liner

(3.1)

Calculation of the transmission loss from measurements was accomplished using a two-

microphone method developed by Chung & Blaser ;. Details of this methodology can be found

in Appendix t3 . These data will help quantify the effect of the variable septum on the sound

absorption in a grazing mean flow and grazing incident acoustic field. This data could also be

used to extract the wall impedance using a NASA Langley code, currently being developed by

Dr. Watson _2. The methodology used to compute the transmission loss limited the analysis to

frequencies below 2000 Hz. This is because the method relies on the assumption of plane wave

propagation and the flow-duct used in the present study has higher order duct modes present

above this frequency. The behavior of the liner at higher frequencies was quantified with the

computation of insertion loss.

Insertion Loss

The insertion loss measures the effect that the acoustic liner has on sound transmitted from

the exit of the flow-duct. This was accomplished by first replacing the liner with a rigid wall.

Sound was introduced into the flow-duct and the mean velocity in the duct was varied. Acoustic
measurements were made outside of the flow-duct on a radius of 2 feet from the center of the

duct exit plane at polar angles of 30, 60 and 90 degrees. Figure 3.2_ shows the experimental set-

up for this experiment. Then the liner was installed on a portion of one side of the flow-duct.

The difference between the measured sound pressure levels with the rigid wall and the liner

constitute the effect that the liner had in attenuating the acoustic energy in the duct, see Figure
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3.2b. Sinceall of the acousticenergyexiting the duct is not measured,insertion loss in the
strictestsenseis not computed.However,usingselectivemeasurementsoutsideof the flow-duct
doesprovidea goodrepresentationof the generalabsorptionqualitiesof a particularliner. The
acousticinputwasafrequencysweepfrom 500Hz to 6400Hz producedby a functiongenerator
in a 1 secondlengthof time. The sweepallowedfor higher levels to be reachedacrossthe
frequencyrangein one measurement.This greatly reducedthe numberof experimentalruns
neededandallowedexaminationof dataat manyfrequencies.

3.3 Prediction of 2DOF Liner Resonance Frequency Shift

The amount of primary and secondary resonance frequency shift of a 2DOF liner can be

predicted using analytical methods outlined in Section II. Using expressions for the perforate

impedance developed in Section II along with the impedance of a backing cavity, an overall liner

impedance can be obtained. Impedance modeling of a 2DOF liner based on this approach is
-, "7

given by'':

Z2 c°s(kLl )sin(kL2 )_ i cot(kL)

Z ZI_ pc sin(kL)
- + (3.2)

Z2 sin(kL1)sin(kL2)pc" pc 1+ i
pc. sin(kL)

The dimensions L_, Lz, and L are defined in Figure t.3. The impedances Z_ and Z2 are the

impedance of the face sheet and the buried septum, respectively, and are further defined as:

&
= + i _rm (3.3a)

pc' pc pc

Z2 = R2 + i --_-_ (3.3b)

............... pc, pc' pc .... = :
if the face sheet and buried septum are perforatesand only linear effects are taken into account,

then the applicable analytical expression from Section 1I is

ZJ(J=I'2) = -i o)(h + hvis) 1 +i O) 2( 81b 1- (3.4)
co" _ksrJo(ksr )- crc _, 31c Lpc

The subscripts 1 and 2 refer to the face sheet and buried septum respectively. The geometric

parameters of the baseline 2DOF liner used in this study are given below:

Face Sheet _::: = ._ - :; _ :. i _-:-: ; ::

h = 0.032 inches

? : : :

r = 0.03125 inches

cr = 0.196 accounting for honeycomb cell blockage
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Septum

h = 0.064 inches

r = 0.03125 inches

o" = 0.196 accounting for honeycomb cell blockage

Honeycomb La_:ers

1 st Layer depth, L_ = 0.5 inches

2 "d layer depth: L2 = 1.25 inches

Note that the septum thickness is twice as large as the face sheet thickness. This is to account for

the perforate-on-perforate concept that was used to vary the septum porosity.

With these parameters and using eq_la_ions 3.2 - 3.4, the normal incidence impedance was

computed and is shown in l::i,_tire 3.3. Note that there are three frequencies at which the

normalized reactance is zero, however, only two of these frequencies correspond to small

normalized resistances (see Figure 3.3a and 3.3b). These two frequencies are referred to as the

primary and secondary frequency, respectively. From Figure 3.3b, the primary frequency is

1570 Hz and the secondary frequency is 5330 Hz. The frequency at which the normalized

reactance is undefined (becomes positive infinity approaching from low end and negative infinity

approaching from the high end) and corresponds to a very large normalized resistance is

approximately 3400 Hz. This is the anti-resonance frequency of the liner.

One objective of this current study is to affect changes in the normalized reactance with very

small mechanical changes of a given liner. Fundamentally, this will require changing the mass

reactance of the perforates since the cavity reactance will remain essentially unchanged. The

resistance will also be altered which will contribute to the overall magnitude of the absorption.

An estimate to how much reactance change can be achieved with the tunable-septum liner was

made by changing the buried septum porosity from a nominal 19.6% to very small values of 1%

and 0%. The latter case assumes that the liner behaves like a single-degree-of-freedom liner.

Figm'e 3_4:_ compares the predicted reactance spectrum for a septum porosity of 19.6% and 1.0%.

Figure 3.4b compares the predicted reactance for 19.6% septum porosity and 0.0% porosity.

Note that a large amount of resonant frequency change is predicted for the primary frequency,
from 1570 Hz to 960 Hz.

When the septum porosity is zero, the primary frequency effectively vanishes and the

resonant frequency moves to 5130 Hz from the baseline of 5330 Hz. Thus theoretically, the liner

changes from a 2DOF liner to 1DOF liner, shifting from two resonance frequencies (1570 Hz

and 5330 Hz) to a single resonance frequency (5130 Hz).

It is important to note that the prediction of the septum impedance from equation 3.3 includes

two important assumptions: 1) Linearity, 2) The orifice geometry is circular. The experimental

liner uses a variable buried septum that varies the orifice shape from circular to highly non-

circular shapes.
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3.4 Liner Design and Fabrication

Variable Porosity, Buried Septum Later

The implementation of a variable porosity buried septum as part of a 2DOF resonant liner

was achieved by using two 22.5% porosity perforates that were readily available "off-the-shelf."

This baseline perforate consisted of round orifices with 0.0625-inch diameters and were spaced

0.125 inches on staggered centers. The thickness of this perforate was 0.032 inches. Figure. ._..._ <

shows the orifice pattern of this perforate. When one of these perforates is placed on another and

the orifices are aligned, the resulting perforate has the same properties except that the thickness
is now doubled to 0.064 inches.

When one of the perforates is translated over the other perforate, the resulting orifice pattern

is changed such that the porosity is reduced. Furthermore, the shapes of the orifice become non-

circular, p'i_ure 3.5 shows Various porosites and shapes {hat--can be generated with the

movement of one perforate over another. The spacing and diameter of the orifices are such that a

translation of one perforate 0.0625 inches would result in a completely closed metal sheet.

Accounting for the blockage from the honeycomb, the porosity of the resulting two-perforate

layer can be changed from 19.6% to 0%.

Liner Construction Normal Incidence Liner

A two-layer (2DOF) liner was fabricated for testing an impedance tube for purposes of

establishing the normal incidence response of this type of liner. Fig_re 3.(_ shows the basic

features of this liner and its movable septum mechanism. The exposed liner area was 4.5-inch

square. _The__!iner consisted of..........two layers of commercially available honeycomb. The

honeycomb cell lateral dimension is approximately 0.5 inches. The first layer was made to be

0.5 inches thick. It was sandwiched between two perforated metal sheets that had a nominal

specifications of the type described above. The second liner layer consisted of the same

honeycomb dimensions used in the first layer, except that the layer was 1.25 inches thick. These

honeycomb layers were framed in nominal 0.75-inch thick, cabinet-grade plywood. The two

layers were constructed such that the honeycomb cells of the first layer were aligned with the
cells of the second layer. The second layer terminated with a 1.5-inch thick layer of Plexiglas.

This simulated a rigid wall backing and had the added advantage of allowing sight of the buried

septum and was helpful m quantifying the amount of translational movement implemented. A

distributed force along the edge of the perforate was applied, allowing precise translation with a

turn of a screw. A machine screw with 20 threads-per-inch was used for translational movement.

Thus, each revolution 0fthe screw translated the septum 0.05 inches.

Liner Construction - Flow-Duct Liner

Another linerwas fabricated for measurements in a flow-duct. This two-layer (2DOF) liner

was fabricated for testing an acoustic treatment on one side of a flow-duct. The liner duct-facing

area was approximately 4.7 inches wide by 10.5 inches long. The liner consisted of two layers of

commercially available honeycomb. The honeycomb cell lateral dimension is approximately 0.5

inches. The components of this liner are shown in Figure 3.7. The construction of the layers

was similar to that of the normal incidence liner. One difference, however, was the method by

which the movable perforate in the buried septum was translated. The perforate movement in the
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flow-duct liner was accomplished with an "off-line" application of force, approximately 4 inches

above the translational plane of the perforate. As with the normal incidence liner construction, a

machine screw with 20 threads-per-inch was used for translational movement. This was done to

conform to an existing liner housing section of a flow-duct used in previous research work _,1.

Se_'tio:_ 3_i below describes the flow-duct facility and its components in detail.

3.5 Experimental Facilities and Instrumentation for Normal Incidence Impedance
Measurements

Normal Incidence Impedance Tube

The normal incidence impedance data for the tunable-septum liner described in gccti__rt 3.4

was acquired in a commercially available Bruel & Kjaer (B&K) 4206 Impedance Tube. Figure

3._ shows the standing wave tube used for the present study and its constituen! parts. The B&K
4206 impedance tube utilizes the two microphone method of Chung & Blaser' "for determining

a material's impedance. It provides impedance data for a range of frequencies simultaneously

through broadband sound radiation from the tube's acoustic driver. This feature allows relatively

quick determination of input impedance of liner materials compared to a standing wave

impedance tube which acquires data at one frequency at a time. A frequency range of 50 Hz to

6400 Hz is possible by configuring the impedance tube with two measurement tube diameters.

Since the impedance tube relies on plane wave impingement of sound onto the test sample,

the tube diameter is critical to the frequency range of interest. The B&K 4206 impedance tube

has a 3.94-inch diameter tube and a 1.14-inch diameter tube. This ensures plane wave

propagation from 50 Hz to 1600 Hz (with the 3.94-inch diameter tube) and from 500 Hz to 6400

Hz (with the 1.14-inch diameter tube).

Data Acquisition and Processing

The B&K 4206 impedance tube is supplied with application software which works in

concert with a two-channel signal analyzer and a 486-based computer to automate the data

acquisition process. A B&K 2034 Dual Channel Signal Analyzer was used for the signal

processing and a WIN 486 PC was used to control data acquisition. The B&K 2034 analyzer

provided a broadband signal which was passed through a Cerwin-Vega amplifier before being

sent to the speaker in the impedance tube. The microphone signals were input into pre-amp ports

on the dual channel analyzer.

3.6 Experimental Facilities and Instrumentation for Flow-Duct Acoustic Measurements

Liner Flow-Duct Facility

Liner testing under grazing flow conditions was performed in a non-anechoically terminated

flow-duct. The flow-duct was configured such that sound and flow originated upstream of any

liner section placed in the duct. This facility consisted of a high-pressure plenum, a converging

duct section, and a constant-area duct section. At some distance along the constant area section,

a liner housing section was placed. Upstream of this location, acoustic energy was allowed to

enter the duct via two ports on the side, Figure 3._ shows this facility and its constituent parts.

The constant area duct section was rectangular (4.69 inches x 2.00 inches). At a temperature of
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72° F, apurely planewavewill propagateup until a frequencyof 1450Hz whenthe 1sthigher
modeiscut-on.

Theplenum was fed from a largerholdingreservoirwith a maximumcapacityof 300 psi.
This wasthen regulateddownto a maximumof 150psi that wasfed to the plenumby a 2-inch
diameterpipe. Air in theplenum is acousticallymuffled andexits throughan8-inch diameter
opening. A squarenozzlewas attachedthat had dimensions4.69 inchesx 4.69 inches,thus
providinga step-changein areawith anarearatioof 2.28. This areathenconvergedto a4.69x
2.00 inch rectangulararea. This convergingnozzlearea ratio was 2.34. Thus the plenumto
constant-areaduct ratio was 5.36. Half-round molding was usedto provide a smooth-flow
"entrance"for theair into therectangularconvergingnozzle.

Theacousticsourcewasprovidedby two Electro-VoiceDH2012compressiondrivers. Each
driver homopeningwasattachedto oneendof a 6-inch long steelpipewith theotherendof the
pipethreade_for flushattachmentto the sideof the flow-duct. Thepipe innerdiameterwas 1.0
inches. The terminationof the pipeat the flow-duct wall was fitted with a highporosity (40%)
perforateto providerelativelysmoothflow overthepipe opening.

The constantareaportion of the flow-duct is 38 incheslong. An acousticliner housing
sectionwas installed 15inches downstreamof the sourcesection. This sectionallowedfor the
long sideof the rectangularareato be treatedwith acousticliner materialoveran 11-inchaxial
distance. For the presentstudy, only one side of the liner housing was used. Fixed flush
mountedmicrophonescouldbe installedapproximately1.5 inchesupstreamanddownstreamof
the acoustic treatment, Only the upstream location was used in the present study.

Axial Microphone Probe

Figure 3.1() shows the axial microphone probe.

acquired from a

microphone was
cone. A B &

microphone and
lateral direction

wooden support

adjusted so that

The probe was
centerline axis.

Transmission loss data was primarily

single axially traversing microphone along the centerline of the flow-duct. This

a l/4-inch B & K 4135 condenser type that was fitted with a B & K U0135 nose

K 2633 pre-amplifier was used in conjunction with the microphone. The

the whole assembly was placed in a steel tube. The tube was rigidly fixed in the

with a fork-like brass support near the front end. Near the rear of the probe, a

was attached that was anchored on a traverse sled. The entire assembly was

the center of the microphone was aligned with the centerline of the flow-duct.

free only to move in the upstream and downstream direction of the flow-duct

Source Monitoring Microphone

In addition to the axial probe microphone, a Kulite microphone was used to monitor the

acoustic output from one of the two drivers. Monitoring the Source in this way allowed for the

source conditions to be repeated for different liner configurations. A Kulite model mic-062 LT

was placed flus_ near the acoustic dfixer in the tube that _¢t_i_s a conduit for the sound to reach

the flow-duct. This microphone was nominally 0.062 inches in diameter and had a protective

grid over its diaphragm. It was powered by three 6-Volt lantern batteries to provide an 18-Volt

nominal supply voltage. The microphone output was fed directly into an FFT signal analyzer.

!
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Data Acquisition and Processing

All of the B&K microphones were powered by B&K 2084 Power Supplies. The microphone

signals were fed into a HP 3667A Multi-Channel Signal Analyzer for FFT analysis. The

analyzer was operated from a Windows 95 platform on a Pentium 200 MHz computer. Figure

3.I1 shows a schematic of the signal processing paths involved. The FFT analysis was

performed with a frequency span of 0 - 6400 Hz with a bandwidth of 4 Hz. Except where noted,

64 averages were used when sampling the microphone signals.

Frequency domain data were saved for each run on the computers hard drive in HP file

format. These files were converted to ASCII text format and processed to quantify the sound

pressure levels in the duct. The transmission loss of the liner was computed from this raw data

for a given liner configuration and grazing flow velocity. This procedure is described in

Appendix B.

3.7 Normal Incidence Impedance Results

Experimental Set- Up

The impedance tube (described in ,'qection 3.5) was used without its sample holder to

compute the normal incidence impedance of the tunable-septum liner. A rubber gasket, 0.1

inches-thick was attached around the edge of both the large (3.94-inch diameter) and small (1.14-

inch diameter) tubes. The liner was then pressed with sufficient force against the gasket to

provide an air-tight seal on the surface of the liner. Figure 3, 1_" shows both the large and small

tube test configurations.

Eight septum configurations were chosen that varied the septum porosity from approximately

0 to 19.6%. This porosity was determined from the resulting geometric area of one circle

partially covering another circle. I=igur_ ', 3.t3 shows how this area can be analytically

determined. Thus, for a given amount of uni-directional translation of one perforate, the

resulting open area can be computed. The porosity for the maximum amount of septum open

area was determined by counting the open orifice holes in an individual honeycomb cell. An

average over several cells yielded approximately 19.6% as a base porosity. Iablc 3. i displays

the amount of septum translation and the resulting porosity for each configuration.

Table.3.,..!__Sel_tum translation and resu__,

_uration Translation, mm [!nchesl_ Porosity _
Sl 0.00 19.6%

$2 0.79 [0.031] 7.7°,4

$3 1.00 [0.039] 5.1%

$4 1.1910.047] 2.8%

$5 1.39 [0.055] 1.0°,4

$6 1.49 [0.0581 0.4%

$7 1.59 [0.0631 0.0°,4

The amount of translation was achieved by turning the positioning screw the correct amount of

angular degrees determined with a protractor.
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Normal Incidence Impedance of Tunable-Septum Liner

The low-frequency results and high-frequency results are shown in Figure 3.1-I and Figure

3.15. respectively. These figures show narrow band data but symbols are shown at selected

points to distinguish the different septum configurations. The low-frequency results were

obtained with the large impedance tube configuration and the high frequency results were

obtained with the small impedance tube configuration,

Evidence of the first resonant frequency can be seen in Figure 3. J4b where the normalized

reactance crosses the zero axis around 1400 Hz. An anti-resonance seems to occur around 500

Hz, which is evident from the locally high value of resistance and rapid change of the reactance

from positive to negative. Similarly, Figure 3.15b shows a secondary resonant frequency around

4800 Hz and an anti-resonance varying between 3100 Hz and 3600 Hz.

Shift in Resonant Frequency

Focusing on the normalized reactance and specifically around the resonant frequencies,

reveals that a frequency shift of approximately 14% (200 Hz) was observed. This is shown in

Figure 3.16a, which is a zoomed view of the portion of Figure 3.14b in the frequency range of 1

- 1.6 kHz. Likewise, a frequency shift of approximately 16% (800 Hz) was observed at the

secondary resonant frequency, shown in I:igurc 3. i6b. The maximum mechanical movement

required for the full extent of the resonant frequency reduction was one-sixteenth of an inch.

When the septum porosity is zero, the liner effectively becomes a single-degree-of-freedom

(SDOF) liner and the resonant frequency is governed by the 0.5-inch honeycomb cavity of the

first layer as well as the mass reactance of the face sheet.

Figure 3.17a shows the normalized reactance near the frequency range associated with the

primary resonance for the maximum septum porosity configuration, S1 and the configuration

associated with the largest observed resonance frequency shift, $4. For comparsion, the

predicted reactance is included. For configuration S l, the predicted primary frequency appears

to be approximately 100 Hz higher than the measured. Below the calculated value of 2.8%

porosity, the measured data does not follow the predicted trend shown in Figure 3_4.

Figure 3.17b shows the normalized reactance near the frequency range associated with the

secondary resonance for the maximum septum porosity configuration, S I and the configuration

associated with the largest observed resonance frequency shift, 517. Again, the predicted

reactance is shown for comparison. The measured data appears to exhibit the predicted trends.

However, if the frequency range is zoomed for closer examination as in Figm'c 3. i_;, the

measured secondary resonance frequency appears to be in agreement with the predicted

Helmholtz frequency of a single cavity with perforated opening. The predicted SDOF frequency

is approximately 5130 Hz while the maximum septum open area 2DOF configuration has a

resonant frequency of approximately 5330 Hz. This raises the question as to whether the

expected range of resonant frequency change is closer to 800 Hz as observed in the impedance

tube or a smaller 200 Hz as predicted with linear theory. The fact that the measured I DOF

resonant frequency seems to coincide with predicted Helmholtz frequency suggests that the

linear prediction is not accounting for the mass and cavity reactance correctly.
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In summary,it hasbeenshownthat a liner undernormal incidenceconditionscanbe tuned
by usinga septumconsistingof two perforates,with one perforatesliding over the other to
changethe effectiveporosity. Normal incidenceimpedanceresultsindicatedthat a 14%(-200
Hz) shifting in the primary peak absorptionfrequencyand a somewhatlargeshift 16%(-800
Hz) wasobservedat the secondaryfrequency. Theseresultswere not predictedby linear
impedancemodelingwherethe primary resonancefrequencyshift wasapproximately600 Hz
andthesecondaryresonancefrequencywasapproximately200Hz. Theoverall soundpressure
level that the liner was exposedto in thesetestswasapproximately120 dB. The model's
primary assumptionis that the acousticpropertiesare linear and that the orifices arecircular.
This assumptionmay breakdown at much lowerporositiesandthusa nonlineareffectneedsto
be accountedfor in the model. Furthermore,it is alsopossiblethat the mass end correction of

these non-circular holes is significantly different than from circular holes.

3.8 Flow-Duct Results

Acoustic data were acquired with the 2DOF liner with movable perforated buried septum

installed on one side of the GTRI flow-duct. Several grazing flow velocities and liner septum

configurations were tested. A total of four septum configurations were tested and they

correspond to the septum porosities shown in f'abtc 3.2.

Table 3.2 Configurat_!on key foresti._ ma!ed_zof buried septum tested liner

Configuration Tranlslatonal Movement, mm [inches] Porosity
I 0.00 19.6%

II 1.19 [0.047] 2.8%

III 1.29 [0.055] 1.0%

IV 1.59 [0.063] 0.25% (Estimated)

FlowlTeld Characterization

Flow was introduced into the duct to simulate a grazing flowfield across the liner. Nominal

centerline mean velocities of 0, 100 ft/s, 150 ft/s, 200 ft/s, and 250 ft/s were chosen for testing

and were set by fixing the upstream plenum total pressure. A platinum-plated, tungsten constant-

temperature hot-wire was used to characterize the flow profile along the minor axis of the flow-

duct 4.125 inches upstream of the liner's leading edge. Figure 3.19 shows the location of the

hot-wire measurements relative to the duct and liner geometry. Due to geometry restrictions, the

hot-wire could not be placed as close to the top wall of the duct as it was to the bottom wall. The

hot-wire placement ranged from 0.18 inches from the top wall and 0.08 inches from the bottom

wall. Figure 3.20 shows mean flow profiles upstream of the liner in the flow-duct. Some

general observations can be made regarding the flowfield:

1) The flow appears to be not fully-developed. This is evident from the very small change

(within measurement error) in the mean velocities in the middle third of the duct height. This

implies that the boundary layer growth has not yet merged from the upper and lower wails in the
duct.

2) The boundary layer can be described as turbulent based on the velocity behavior near the

walls. Since the flow is not fully-developed, it can be treated near the walls like flow over a flat
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plate. It has been experimentallyestablishedover the years that the behavior of a non-
dimensionalturbulentvelocity profile follows a 1/7 th power law relationship within the boundary

layer _:_. t::igu_"e _ _.,._ 1 shows how this relationship compares with the measured velocity data near

the bottom wail. The generally good agreement with the power law suggests that the boundary

layer was indeed turbulent.

Finally, the degree to which the flow was turbulent was quantified by measuring the

turbulent intensity of the axial component of velocity, l::igt_re 3.21 shows the ratio of the root

mean square of the axial fluctuating velocity with the loca] mean velocity for the four nominal

plenum conditions. It is clear that all four velocity conditions exhibit similar turbulent

intensities, ranging from 1% in themiddle third of the duct to 9 - 10 % near the walls.

Effect of Tunable-Septum Liner on Transmission Loss

A multi-frequency waveform With a 100 Hz fundamental was input into the flow-duct via

two acoustic drivers upstream of the liner and a microphone was traversed along the duct's

centerline, l::igure 3.22 shows the microphone locations in the duct where acoustic data were

acquired. Using the methodology outlined in Appendiy _, the transmission loss across the liner

was computed. Frequencies from 500 Hz to 2000 Hz were examined. Data was not analyzed

below 500 Hz since the liner was not expected to absorb much sound below 500 Hz and the

acoustic drivers began to lose performance below this frequency. Although the first cut-on mode
(1 _t non-planar mode) is calculated to be approximately i430 Hz, the transmission loss

calculations were Carried out up until 2000 I-Izl This was done because the liner had a nominal

peak absorption frequency of approximately 1400 Hz and sufficient data was needed to

"surround" the peak absorption frequency. The amount of acoustic energy absorbed by the liner

can be determined by examining the decomposed incident acoustic wave ahead of the liner

leading edge and downstream of the liner trailing edge. Figure 3,23a shows typical spectra of

these two incident sound pressure level components for M = 0.0 with the liner in configuration I

(a septum porosity of 19.6%). Note that the incident SPL levels are less than ! 10 dB over the
frequency range tested. It is evident that the liner is absorbing a significant amount of energy

near and around 1400 Hz. The difference in these spectra is called the transmission loss. The

transmission loss is plotted in Figt_re 3.23b where a positive value is considered a net absorption

of acoustic energy.

Figure 3.24 shows the results of the transmission loss analysis as a function of liner

configuration for a given grazing flow velocity. For all grazing flow conditions, a shift in peak

absorption frequency is observed corresponding to a lower frequency. This shift to a lower

frequency is consistent with the impedance tube data. However, the extent of the shift in this

case is on the order of 100 Hz, whereas, in the impedance tube, the range for the primary

frequency shift was approximately 200 Hz. l::i_ure 3.25 shows only the transmission loss for

configuration I (c_pt_m -- 19.6%) and !II (O'seplum = 1.0 %) in a frequency range near the peak

absorption for clarity. The small translational movement has accomplished a shift in frequency

and to some extent an increase in the overall absorption magnitude.

The behavior of the tunable-septum liner under increasing grazing flow velocities is shown

more directly in Figure 3.26. Note that for Configuration I (_ptum = 19.6%), the peak absorption

frequency shifts to a higher frequency as the grazing flow velocity increases. This trend slowly
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diminishedas the septumporosity is reduced(from ConfigurationI to IV). With the liner in

Configuration IW((Yseptum = 0.25%), only the magnitude of the absorption seems to be affected by

the grazing flow. The flow does not have a discernable effect on the peak absorption frequency.

Increased flow reduces the amount of absorption for all liner configurations. The trend of

decreasing absorption with increasing grazing flow is due to the increased acoustic resistance of

the face sheet. This is a well-established phenomenon and results in decreased liner

attenuation ;_' _'_': Recall from Section II that some of the earlier studies indicated that the

grazing flow over an orifice appeared to reduce the effective orifice open area. This results in a

higher acoustic resistance.

In general, the flow-duct data was consistent with the impedance tube data in that the range

of frequency shift (i.e., the tunable frequency range) was smaller for the primary resonance and

larger for the secondary resonance. However, the observed tunable frequency ranges were

smaller in both cases. It is possible that differences in the construction of the two liners can

account for some of this reduction. It is known that the flow-duct liner can not achieve a fully

closed septum. A fully closed septum was achieved by removing the second layer altogether and

testing the 1st layer in isolation with a simulated hardwall. These results are discussed below.

From the transmission loss data (Figures 3.24 to 3.26) it is evident that for the primary liner

resonance that a shift to a new peak absorption frequency can be achieved. Furthermore, with no

flow in the duct, the magnitude of the peak absorption is increased and it exhibited a broader

frequency at which appreciable absorption took place. The main reason for this is that the liner's

normalized resistance is increased until it approaches unity in this frequency range. This

increased resistance is due to the buried septum changing its porosity and possibly due to the

changing orifice shape. These changes promote higher particle velocities through the orifices,

which increase the viscous resistance. This increase in resistance was clearly evident in the

impedance tube data (see t::igurc 3. I .:_).

As the grazing flow was introduced into the duct, the liner still exhibited a shift in frequency,

however the extent of the broadened absorption was diminished. Until a mean duct centerline

velocity of 150 ft/s was reached, the shifted peak absorption was higher than the baseline liner

configuration. Above this velocity, the peak absorption levels are approximately of the same

order or less when the septum area is closed. This can be explained as follows. With no grazing

flow, the face sheet provides little acoustic resistance and since its geometry is fixed, it will

remain the same value while the septum open area is reduced. Hence the buried septum will

control the liners resistance. As mentioned, this increased resistance approaches unity and even

exceeds it for very small septum porosities. As the face sheet is exposed to grazing flow, the

resistance of the face sheet increases. As mentioned earlier, this is a well established

phenomenon with perforates and orifices. The result is that the magnitude of the absorption is

reduced as the face sheet contribution of the total resistance becomes on the order of and greater

than the buried septum's contribution.

It is possible that this effect could be minimized if a more linear face sheet could be

employed [i.e., one that is not sensitive to grazing flow], such as a porous layer made of feltmetal

or woven screen. However, these types of porous layers also are accompanied by high acoustic
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resistances. Thus it would be difficult for the septum to be a controlling parameter of the overall
resistance.

Figure 3.26 shows another consequence of controlling the buffed septum's impedance. With

the septum in a maximum open area configuration, i.e., the lowest resistance configuration, the

peak absorption frequency shifts to a higher frequency as a function of grazing flow velocity. As

the septum's resistance is increased, the sensitivity of this effect is diminished. For example,

with the liner in Configurations III ((Yseptum = 1.0%) and IV ((Yseptum = 0.25%), there is no observed

shift in frequency due to increasing grazing flow. This suggests that the buffed septum is also

the major contributor to the mass reactance of the liner and indeed when the porosity is small

enough it fixes the peak absorption frequency.

Effect of Liner on Insertion Loss

The insertion loss was computed as described in Section 3.3 using data from three

microphones located outside of the flow-duct. Figure 3.27 provides an example of a typical

inserti0n]0ss results. Sound pressure level differences between the rigid wall and a given liner

configuration (l:"igure ._.2 ;a) result in a "loss" due (shown as a positive change in figure 3.z .....)

to the liner's presence or "gain" (shown as a negative change). For clarity, a smoothing fit

locally weighted, least squares error method smoothing fit was applied tO the insertion loss

spectra, resulting in Figure 3.27c. The method of smoothing was a locally weighted, least

squares error method. All insertion loss plots used the same weighting factor of 5%. This allows

for relatively clear identification of peak absorption frequencies. Figure 3.2ga .i shows the

insertion loss computed from the 60 _ m_crophone located two feet from the exit of the flow-duct.

For each grazing flow velocity the insertion |oss at the lower and higher peak absorption

frequencies are shown in the left and fight columns, respectively, as a function of liner

configuration. In generall both absorption peaks are reduced as a function of decreasing septum

porosity. This is consistent with the normal incidence impedance data and the transmission loss

data. At the higher frequencies the lower septum porosity both shifts the peak absorption

frequency but increases the absorption across a large frequency range.

The insertion loss data reveals consistent trends with liner configuration and grazing flow

velocity as was shown with the transmission loss data. The tunable frequency range of the

secondary resonance was substantially reduced however, it should be noted the Configuration IV

(Gcpt_m = 0.25% ) did not represeni_ a true zero septum porosity case that was achieved in the

impedance tube liner data. It is clear from Figure 3.29 that having zero porosity in the septum,

i.e., creating a 1DOF liner, shifts the frequency to a slightly lower frequency than Configuration

IV (_cvt_m = 0.25%).

Single LaFer Liner Results

Due to the construction of the flow-duct tunable-septum liner, Configuration IV did not result

in a completely Closed or zero porosity buried septum as it did on the liner used for the

impedance tube testing. In order to examine the full extent of the tunable nature of this type of

liner, only the firS(half-inch-thick layer was installed _n the floW_duct and its insertion loss was

measured. This was similar to running the 2DOF liner with the buried septum porosity at 0%.

Furthermore, the single layer liner was tested with the normal incident impedance tube described
in Section 3.5.
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Insertion loss with no grazing flow of the single 0.5-inch honeycomb layer resulted in the

elimination of the primary peak absorption frequency centered around 1400 Hz. The secondary

peak absorption frequency centered around 4200 Hz was still present. Figure 3.2 <) shows the

insertion loss from the 60-degree microphone. Note that the first large absorption peak has

completely disappeared (see Figt_le 3.2%). There appears to be another peak centered around
2700 Hz and is addressed below.

The additional local peak absorption centered on 2700 Hz was unexpected. A check was

made of this 1st layer liner in the impedance tube to identify if the absorption peak is due to a

reactive component or just increased resistance. Figu_'e 3.30 shows the normalized resistance

and reactance of the single 0.5-inch honeycomb layer and the 2DOF impedance tube-tested liner

with the buried septum at 0% porosity. Figt_re 3.3i)b indicates that the normalized reactance of

the flow-duct liner and the impedance tube liner with septum in its maximum closed

configuration are nearly identical. The value of the reactance that is zero is the resonance

frequency. However, it is quite likely that differences in the resistance measured in the 2500 Hz

to 4000 Hz range account for the local increase in the liner's absorption shown in the flow-duct

in T:iguve 3.29a. In other words, the resistance of the 0.5-inch honeycomb layer used in the flow-

duct liner is close to an optimum value of unity for normal incidence (about 0.8 at 2700 Hz from

Figure 3.3/_.z0. Thus, for a relatively low reactance this will produce a relatively high absorption.

3.9 Conclusions

The following key conclusions are drawn from the experimental presented in this section:

Normal Incidence Impedance Results

1) Both amplitude and frequency of peak absorption of a nominal 2DOF resonant-type liner

can be controlled with less than 0.0625 inches (on the order of one orifice diameter) of

mechanical movement in the buried septum of the liner.

2) For no grazing flow and for normal incidence, the liner was observed to shift the primary

resonance approximately 14% (200 Hz) and the secondary resonance approximately 16% (800

Hz).

3) The small translational change in the buried septum had a strong impact on the

normalized resistance and at certain frequencies with near maximum movement the septum

resistance increased by an order of magnitude.

4) Linear impedance modeling predicts a much larger shift in primary absorption frequency,

suggesting that even at relatively low sound pressure levels nonlinear effects or orifice shape can

be very important.

Flow-Duct Absorption Results

5) Shifting of the peak resonance frequencies was demonstrated
environment with both transmission and insertion loss measurements.

in a grazing flow
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6) Control of the buried septumimpedancewasableto overcomethe increasedfacesheet
impedancedue to the grazing flow. This wasconcludedfrom the relative insensitivityof the
peakabsorptionfrequencyastheburiedseptumporositywasaltered.

7) Theextentto which theoverallmagnitudeof theabsorptioncanbecontrolled is directly
relatedto boththemassreactanceandtheresistanceof theburiedseptum.
How the variable orifice perforate's massreactanceand resistancediffer from a standard
perforateis examinedin the following sections.This needsto beunderstoodto furtherexploit
thetunableliner conceptbuilt andtestedin thisstudy.
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Figure 3. I Experimental set-up t\"_rtransrnission toss measurments
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Nominal 22.5% perforate with 0X)625-inch diameter

holes staggered on 0.125-inch centers

Max Open (y- 22% 1/4 Max Closed

--- 1/2 Max Closed --. 3/4 Max Closed

Figure 3.5 Perforate orifice size and shape changes wilh sliding perforate concept.
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Figure 3.6 Two-degree-of-freedom liner with variable porosity buried septum used

for impedance tube measurements.
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a. Probe-supisort arid iT[icr-_3ph-on-e boom

114" Microphone With NoseCone ....

b, Axial pwbe microphone

=

Figure 3.10 Axial microphone probe inserted into flow-duct for transmission loss
measurements.---

88



Ac( ustlc Driver

Flow & Sound)))

-D

Acoustic Liner

Axial Microphone

Mic Pre-amp &

Power Supply

Power Amplifier

Reference Signal

1
HP 3667 Multi-Channel

FFT Analyzer

II
Digital Wave-form Generator

Windows Platform PC l

Figure 3.11 Signal I_roces_ing schemalic for fh)w-duct transmission loss measurements.
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3.12 impe&uiCe tube expefirnefital setoup for normal incidence liner tests.
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x _ + (y_(_)2 = r2

V
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v X
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Aopen

Afull open orifice

Figure 3.13 Porosity calculation for orifice shaped resulting from sliding

perforate concept.
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Figure 3.14 Measured normal incidence impedance for tunable 2DOF liner as a

function of buried septum porosity near primary resonance frequency

[Tube dia. = 100 mm; Af = 2 Hz; 64 avgs.].
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Figure 3.15 Measured normal incidence impedance for tunable 2DOF liner as a

function of buried septum porosity near secondary resonance frequency

[Tube dia.= 29 mm; Af = 2 Hz; 64 avgs.].
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tunable 2DOF liner.
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Figure 3.17 Comparison of measured tunable range with predicted range.
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SECTION IV

Acoustic Impedance of a Variable Orifice Perforate

4.1 Introduction

This section examines in more detail the impedance of the variable orifice perforate as an

individual acoustic element and as part of a single-degree-of-freedom •cavity resonator. The

variable orifice perforate concept has the potential for controlling the absorption characteristics
of these resonant-type liners with a small amount of mechanical input. In the present section, the

degree to which the absorption can be manipulated by the variable orifice perforate is explored

using a n0_ai incidence impedance tube and a single cylindrical backing cavity. This is

accomplished by creating a variable orifice perforate (VOP) from two off-the-shelf perforates

with identical porosities (orifices also have same sizes and shapes). The perforates chosen have

orifice dimensionsand thicknesses that are Commonly used in resonant-type acoustic liners. It is

understood that the porosity change alone will control the perforate's acoustic impedance. What

is left to be seen is how much control of the absorption and resonance frequency can be realized.

Objective .....................

The objective of this section is to evaluate the acoustic impedance of the variable orifice

perforate with regard to absorption and resonance frequency control.

Outline of Section ......

A description of the experimenta!_approach used to measur e the normal incidence acoustic

impedance for the VOP is followed by a description of the facilities and instrumentation used.

Before the results of the experiment are presented, a description of how the mass reactance was

computed from the measured data is shown.

4.2 Experimental Aoproach

When a perfo/'ate wfih a:given hole size and spacing arid thus, porosity, is allowed to slide

over another perforate with identical geometric attributes, it results in a range of orifice patterns.

This concept was described earlier in Section I and III. It is obvious that resulting orifice shapes

are non-circular. By translating one perforate over the other in one direction, the resulting orifice

shapes are "eye" shaped and not random.

Test Article

A variable orifice perforate was created, like the buried septum used in Section IIl, from two

off-the-shelf perforate sheets that had a nominal porosity of 22.5% and a 0.8128 mm (0.032 inch)

thickness. The combined thickness was 1.6256 mm (0.064 inches). The orifices were circular

with diameters of 1.5875 mm (0.0625 inches) and they were spaced 3.175 mm (0.125 inches)

apart on staggered centers. This meant that a maximum of 1.5875 mm of translation of the top

perforate would result in complete orifice coverage of the bottom perforate. The baseline

configuration for the VOP was a perforate with the same porosity and hole spacing as the single

perforate, only the thickness was doubled.

11o



A VOP suitable for testing in an impedance tube was fabricated. Care was taken in cutting

the perforates from a large section into pieces that would match identically. In order to ensure

only uni-directional translation, a "track" was made for the top perforate to slide uniformly.

f!igt_re 4.1 shows the constituent parts of the VOP. Accurate translation was achieved by using a

set-screw that had a 32-threads-per-inch pitch. This meant that a full 360-degree turn of the

screw would translate the top perforate 0.79375 mm (0.03125 inches) or half of the travel needed

to completely cover the orifices.

Impedance Measurements

The acoustic behavior of the VOP was obtained by measuring its impedance in a normal

incidence impedance tube. rigu,-e 4.2 shows the general test configuration. The perforate

separates the impedance tube from a backing cavity of length L. The measured acoustic

impedance is clearly a result of both the impedance of the perforate and the cavity. As

mentioned earlier, it is common practice to treat the backing cavity as a simple reactive element

whose impedance can easily be calculated. Using both broadband and single tone excitation, the

VOP was tested in several configurations that corresponded to different perforate porosities and

orifice shapes. This allowed for the study of both low and high amplitude behavior of the unique

perforate geometries produced by the sliding of one perforate over the another. Figure 4,3 shows

a typical VOP configuration installed in the impedance tube. It should be noted that as installed

in the impedance tube, the VOP had an effective porosity of 23.49%, which is about I% larger

than the nominal value of the whole perforate sheet. The effective porosity was determined by

counting the orifices that were encompassed by the impedance tube area. This was done several

times and an average porosity was computed. As the top perforate is translated, the resulting

porosity can be calculated from geometry, similar to the method described in Section III (see

_igurc 3. t 4). "Table 4. I lists the resulting porosities for the configurations tested.

Table 4 1 Porosit confi urations tested with the variable porosi!_y perforate...... :............................._._zonR_;ura ..........................

Perforate Translational Movement (mm) Porosity

Confi_naration
TI 0.00 23.49%

T2 0.40 15.72%

T3 0.79 8.99%

T4 1.19 5.97%

T5 1.39 3.32%

T6 1.49 1.20%

T7 1.56 0.43%

T8 1.59 0.00%

Measurement of Acoustic Impedance

The normal incident impedance data were acquired using the so-called Two-Microphone

Method (TMM) detailed in Apper_dix A. This method utilizes measured acoustic pressures and

phases. Using two microphones mounted flush on the impedance tube wall with some fixed

distance between themselves and the end of the tube where a sample is mounted, the incident and

reflected acoustic energy can be extracted using a cross-correlation technique.
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4.3 Experimental Facilities and Instrumentation

Normal incident impedance testing of the variable geometry perforate was performed in a

impedance tube. A description of this facility along with the instrumentation and data

acquisition used in the present experimental study is given below.

Impedance Tube

Figure 4z, shows the impedance tube and its constituent parts used for the present study.

Essentially, it consisted of a tube that has an inner diameter of 29 mm (1.14 in) and-can be

configured to have several different overall lengths. The inner diameter is such that only plane

wave propagation will exist until a frequency of about 6400 Hz. Above this frequency, higher

order duct modes can exist along with the plane wave mode. One end of the tube has an acoustic

driver attached, while the other end can be configured to have an orifice plate or perforate

sandwiched between two flanges while terminating with a cavity of an arbitrary depth. The tube

has two flush-mounted microphone ports near the terminating flange to facilitate the Two-

Microphone impedance measuremeni method_oiogy. Referring to '_:'**_ lgur_:_ -_.:,'j _ microphone A is

located 52.83 mm (2.08 inches) upstream of the sample face while microphone B is located

32.82 mm (1.29 inches) from the sample face. The tube is mounted horizontally on wooden

supports. _ : = : ,

Testing of the VOP consisted of placing the perforate between the two flanges at the

impedance tube termination and placing a cavity of the same tube inner dimensions behind the

perforate. A malleabIe graphite gasket, 0.76-ram (0.03-inches) thick, was placed on each flange

to prevent sound from escaping the tube. Thus, the test configu?afions were single-degree-of-

freedom resonant-type liners consisting of a perforate covering a cavity.

Instrumentation and Data Acquisition

Acoustic Driver

Acoustic waves in the impedance tube were generated by a JBL Model 2446J acoustic driver

in conjunction with a Carvin 1500 power amplifier and an HP 33120:\ digital function generator.

For all frequencies tested, 160 dB re 2 x 10 .5 Pa tones were easily achieved at Microphone A.

The driver-tube arrangement was also able to achieve a nominal overall sound pressure level

(OASPL) of about i53 dB at Microphone A with a broadband input signal. Figures 4.5 a and b

show typical spectra meaSured from one of the wail-mounted B&K microphones with broadband

excitation and a single tone input to the acoustic driver, respectively. The broadband

measurement shows the expected standing wave induced peaks and valleys across the spectrum.

The specirum for the tone input includes several overtones.- Noise is evident at other

frequencies, however, both the overtones and the noise are more than 15 dB lower than the input
tone for all cases.

Microphones

Two type of microphones were used for the current testing. Special Bruel & Kjaer (B&K)

phase-matched 6.35 mm (0.25-inch) type 4i 87 microphones were used in conjunction with B&K

type 2633 pre-amplifiers. The B&K microphones and pre-amplifier were powered by a battery-

powered B&K 2804 power supply. Output from this power supply was fed directly into a FFT
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analyzer. The B&K microphones were calibrated for amplitude using a B&K 4231 pistonphone

which produces a 1 kHz tone at 114 dB in order to provide an absolute baseline sound pressure

level. The amplitude and phase response of the B&K 4187 microphone as a function of

frequency was determined and documented by the manufacturer of the microphone.

Signal Processing

The microphone signals were fed into a HP 3667A Multi-Channel Signal Analyzer for FFT

analysis. The analyzer is operated from a Windows 95 platform on a Pentium 200 MHz

computer, l=igurc 4.6 shows a schematic of the signal processing paths involved. Except where

noted, 64 averages were used when sampling the microphone signals. The signal from

microphone A (furthest from sample face) was used as the reference for the cross-correlation

analysis required by the two microphone impedance technique used here and described in

Appendix A. (The microphone closest to the sample could have also have been used as the

reference. In other measurements made by us, identical results were obtained by using either of

the two microphones as the reference.)

4.4 Calculation of Perforate Mass Reactance from Measured Data

Recall from Section II that the resonance frequency of a porous layer with a cavity backing

can be determined by the cavity dimensions and the reactance of the porous layer. The reactance

of the porous layer, in the present case a perforate, is referred to as the mass reactance. The

expression presented in Section II for the impedance of a cavity-backed perforate is shown

below:

Z
- Zpe¢ + Zcav

pc"

• AoPc J

R I:_m-ocot )]= --+i (4.1)
pc k pc

The "measured" mass reactance can be determined in the following manner. Adding the

quantity cot (kL) to the measured total normalized reactance results in the mass reactance of the

perforate with porosity, or:

pc meas

The cavity impedance is assumed to be invariant for a given perforate configuration. The

frequency at which the total reactance is zero and the normalized resistance is small (determined

from impedance tube measurements), is defined as the resonance frequency. For this case,

equation 4.2 becomes:

Xm _ cot(kL) (4.3)
opc
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In this section, the resonance frequencies discussed will be referred to as 1st, 2 nd, 3rd, etc. which

correspond to the lowest resonance frequency, increasing to the highest resonance frequency.

Prediction o[Mass Reactance

A calculated mass reactance from theoretical considerations was made to compare with the

measured data. This predicted mass reactance was computed from the equations developed in

section 2.4 from Section II. The mass end correction for a single orifice was estimated using the

general expression given by equation 2.51 repeated below for convenience:

It+_+ + ......
64

Where e - eccentricity

Accounting for the porosity of the perforate that Ingard established 4_, the mass end correction

(see Section II) is:

(4.5)

The shape formed by the sliding of circular orifices over other circular orifices can be described

as "eye"- shaped (see Figure 3.14). It was assumed that this shape can be approximated as an

ellipse. Using the computed values of the major and minor axis of the "eye"- shaped orifice, an

eccentricity was computed for each of the perforate configurations th_at were tested. This value

was used to compute the mass end correction and thus the mass reactance.

4.5 Results

Broadband Excitation

A broadband signal was input into the impedance tube and the impedance was computed for

the configurations listed in Table 4,1. The nominal overall sound pressure level at the

microphone nearest the sample face was 153 dB. Figures ._./, 4,8, arm 4.9 show the normal

incidence absorption coefficient, normalized resistance and reactance, respectively, over most of

the analyzed frequency range.

:i: _ 7 211 : : ] i_ 7-57 -7 7: : i- - - i ._ • ,

Recall from Section II that the absorption coefficient measures the amount of incident

acoustic energy that is "absorbed" by a material by comparing the incident acoustic wave with

the reflected acoustic wave. Figure 4.7 shows that, in general, there are several peaks and

several minima in absorption over the measured frequency range. These maxima and minima

correspond to the perforate/cavity resonance and anti-resonance frequencies, respectively.

For a tube with no porous covering (i.e., zero mass reactance), the resonance frequencies Can

be determined by finding the roots of the cotangent function.
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It is evident that for a tube, resonance occurs when the tube length is an odd multiple of the

quarter-wavelength associated with incident sound frequency. Alternatively, for multiples of the

half-wavelength, anti-resonance occurs. These frequencies will be modified by the impedance of

any material placed over the tube. For the backing cavity used for this study, the first several

calculated resonance and anti-resonance frequencies based on equation 4.5 are listed in 77_blc 4.2

below.

Table 4.2 Resonance and anti-resonance frequencies for impedance tube backing cavity;

L = 13.2 cm (5.2 inches); T = 22.6 °C (72 F).

Resonance Freguenc[(Hz Anti-Resonance Frequencz[Hz_ ......
653 1306

1960 2613

3267 3920

4574 5227

5880 6534

The maxima and minima in the measured absorption coefficient occur close to the

frequencies associated with the open tube shown in Table 4.2.

F_gu;e ,4.7 shows the general absorption behavior of the variable orifice perforate. A large

change in the absorption coefficient is observed as the porosity is decreased. Indeed, there is a

significant increase in absorption as the perforate porosity transitions from approximately 6

percent (solid circle symbols) to 1 percent (solid triangular symbols) at the lower resonance

frequencies. As the porosity is further reduced below 1 percent, the absorption is significantly

reduced which is indicative of a normalized impedance that is significantly different that unity.

For porosities less than 1% and higher than 6%, absorption performance appears to be very

poor. Below 1% porosity, the absorption decreases rapidly and exhibits hard wall behavior,

namely, a vanishing absorption coefficient. This reduction in absorption corresponds to a rise in

normalized resistance which is shown in Figure 4._L Note the rapid increase in resistance for the

last two configurations, that is, the 0.43% and 0% porosity cases. The zero porosity case

behaves very nearly like a rigid wall. The "wall" in this case is about 1.57 mm - thick, however.

The absorption is nearly zero and the resistance is almost two orders of magnitude higher than

that of air. Recall that when the normalized resistance approaches unity and the normalized
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reactance vanishes (i.e., when the material impedance matches the wave impedance of air), the

absorption coefficient is maximized. The reduction in perforate porosity initially drives the

normalized resistance towards unity until it reaches levels over twice the resistance of air. As

expected, the perforate porosity controls this resistance and hence the absorption of the

perforate/cavity combination in a manner that is inversely proportional to the porosity as

predicted by equation 4 I. More than a one order of magnitude increase in the normalized
resistance was realized with a mechanical movement of less than 2 mm.

Figure 40 shows the normalized reactance for the tested perforate configurations over a large

frequency range. The resonance and anti-resonance frequencies are clearly evident. Since

resonance frequencyhas no meaning for:the completely dosed perforate Configuration (porosity

= 0%), it is not shown in Figure 4.10. For the configurations tested, the variable orifice perforate

shiftstheresonance frequen@ towards a lower frequency as tfieporosity is decrease& It is also

evident that this _hif_ in resonance frequency is larg+r at higher multiples of tile first resonance

frequency. It =shouidbe noted that the 0_4% porosity configuration did not exhibit any higher

multiple resonance frequencies.

Resonance Frequenc}, Shift '
Figure 4. I(.! shows tile normalized reactance and absorption coefficient in the vicinity of the

first three resonance frequencies_ The three figures on the left hand column show the normalized

reactance and the three figures on the right hand column Show the absorption coefficient. Since

it was shown in Figure 4.9 that the 0.4% porosity configuration did not exhibit multiple

resonance frequencies, it was not considered in the data presented in Fig_re 4, t _.

It is clear from _:igure 4,10:_ that the first resonance frequency has shifted by approximately

124 Hz to a lower frequency as the perforate changed porosity from 23.5% to 1.2%. This change

in resonance frequency is as easily discernable in the absorption coefficient spectra shown in

Figure 4,10b. This is because Over the frequency range shown (6.1 kHz to 1.1 kHz), the

absorption is relatively broadband in nature. There is a large increase in the absorption of the

perforate/cavity combination as the porosity is decreased below 6 %. This is a significant result

in that only a mechanical movement of less than 0.2 mm was needed to change the porosity from

roughly 6% to 1%. This small translation of one perforate over the other resulted in a very large

increase in absorption coefficient. As mentioned earlier, this is due in large part to the increase

in resistance from a very low value to a value that is close to the optimum for maximum

absorption. It is also possible that the increased resist_ince has an added component due to the

unique orifice shape 0fthe variable orifice perforate. This is addressed in the next section.

At the second resonance frequency, the shift due to reduction in porosity is greater than at the

first resonance. Figure 4,10c and 4.]0d show the corresponding normalized reactance and

absorption coefficient, respectively. A shift of approximately 260 Hz was observed in the

resonance frequency. Again, the absorption is significantly enhanced at porosites below 6%.

The resonance shift can be seen more clearly in the absorption coefficient shown in Figure 4. t 0d.

Finally, Figure ,.I.10c and 4.10!" show the normalized reactance and absorption coefficient at

the third resonance frequency. A shift of approximately 286 Hz is observed in the resonance

frequency. The absorption is not as broadband in this frequency range as in the previous cases;

116



however, the same good absorption is observed at the lower porosities. l':flgle 4.3 lists the shift in

resonance frequencies for the first three resonances of the perforate/cavity combination, t::igurc

4. I ] shows the corresponding resonance frequency shifts. The shift is normalized with respect to

the maximum porosity configuration The curves drawn in !::'ignore 4.1fl are interpolations of the

data represented by the symbols. As a percentage of the baseline resonance, the amount of

change in the 2 nd and 3ra resonance frequencies is less than the change in the Ist resonance

frequency.

Table 4.3 Shift in the first three resonance frequencies for the perforate/cavity resonator.

Frequency shift with respect to reference porosi_t_%.

Perforate

Porosity, %

23.49

1s_ 2nd 3_d

Resonance Frequency Resonance Frequency Resonance Frequency
Frequency Shift* Af Frequency Shift, Af Frequency Shift, Af

604 Hz 1824 Hz 3068 Hz
15.75 596Hz 8Hz 1812 Hz 12Hz 3052 Hz 16

8.99 576 Hz 28 Hz 1764 Hz 60 Hz 2984 Hz 84

5.97 568 Hz 36 Hz 1740 Hz 84 Hz 2960 Hz 108

3.32 528 Hz 76 Hz 1648 Hz 176 Hz 2852 Hz 216

1.20 480 Hz !24 Hz 1564 Hz 260 Hz 2782 Hz 286

Comparison with Linear Perforate Model

One way to provide insight into whether or not the non-circular orifices help or hinder the

amount of resonance frequency control is to compare the measured results with a standard

impedance model used for perforates with round holes. Using the method outlined in Section

4.3, the mass reactance was calculated using the end correction expressed in equations 4.4 and

4.5. This was done for the first resonance frequency. The first resonance frequency was

predicted using the first root of equation 4.6 that governs the resonance of a cavity-backed

perforate. This equation is repeated below for reference:

c (or ,L
(Ores - "7 crcot( '_ ) = 0 (4.7)

h c

It was assumed that the "eye" - shaped orifice shapes were elliptical. For the lowest porosity

case considered (1.2% porosity case) the eccentricity was calculated to be approximately 0.97.

The model used to predict the mass reactance assumed a linear impedance behavior. That is, the

impedance does not change appreciably as a function of sound pressure level on the orifice

particle velocity. The linearity assumption may not be as valid because for a given sound

pressure level, smaller porosities (i.e., smaller open areas) will have higher orifice velocities.

Based on the work of Ingard and Ising __ if the orifice velocities are much higher than 0.05 m/s

then nonlinearity can become important.

Vigure 4.1 2 shows a comparison between the linear model and the measured impedance data

for the first resonance frequency as a function of perforate porosity, t::ig3_re 4.12_ shows the

normalized resistance and Figllrc 4.12b shows the normalized mass reactance. The impedance

tube data are computed using equation 4.2. It appears that the resistance is in reasonable

agreement with the model. However, the measured mass reactance begins to deviate from the
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model as the porosity decreases. The unique "eye" - shaped orifice resulting from overlapping

perforate sheets not only creates an elliptical-like shape but also creates a unique "stepped" cross

section. It is possible that this stepped geometry could result in a lower mass reactance. This
will be examined further in the next section.

Analytically, the elliptic shape itself does not appear to make a large difference when

compared to an equivalent circular orifice shape. Table 4.4 compares the predicted mass

reactance for circular holes and elliptical holes with the measured reactance. For the smallest

porosity shown, the difference between the circular and elliptical prediction is approximately
1.1%.

Table 4.4 Comparison of pr.e_d_.!cte_d.andm.easure__ d_VOPnormalizedmass reactance

Predicted Predicted

_Porosity,% [CircularOrifices] [Elliptical Orifices] Measured
23.49 0.1254 0.1254 0.1293

15.75 0.1782 0.1780 0.1414

8.99 0.2863 0.2853 0.1915

5.97 0.3999 0.3980 0.2110

3.32 0.6276 0.6223 0.2795

1.20 1.2389 1.2255 0.4430

Finally, Figure 4.13 shows a comparison between the predicted and measured first resonance

frequency as a function of perforate porosity. The theory under predicts the measured resonance

frequencies as the porosity is decreased. At largest porosity, the orifices are exactly circular and

the theory predicts the frequency very well (which is consistent with the mass reactance results).

Thus, for the lowest porosity shown in Figure 4.13, the predicted resonance frequency is

approximately 43% lower than measured. This is a result of the measured reduction in mass

reactance for the variable orifice perforate.

Single Tone Excitation

To assess the sensitivity of the variable orifice perforate to large incident sound pressure

levels, single tones were input into the impedance tube at frequencies that corresponded to first

resonance frequency determined by the broadband data (see ]able 43). Each perforate

configuration was exposed to a sTngle tone at the first resonance frequency. At thYs frequency,

measurements were made at increasing levels. The highest computed incident SPL was

. .4_.4_ that orifices exposed toapproximately 158 dB. It has been established by many res..e_ar- _nce_rs- . ....
ever increasing incident acoustic intensity will exhibit a nonlinear response to the measured

impedance. It is suspected that at the low porosities generated by the variable orifice perforate,

this nonlinearity will become more evident at lower incident sound pressure levels. This is

because for a given sound pressure, continuity forces the velocity in the orifice to be larger for a

small area (low porosity) as opposed to a lower velocity with a larger area (higher porosity).

The incident sound pressure levels were computed from the two-microphone impedance

measurement technique described in Appendix A. Figure 4, 14, shows the normalized resistance

as a function of incident sound pressure level and perforate porosity. The curves shown in

Figurc 4,14 are interpolations of the data points shown. There is no data in-between the symbols
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shown (this is also true for Figure_ 4.16 :_nd 4.17). The general increase in resistance with

porosity is observed, which at the lower sound pressure levels is consistent with Fig_ue 4.12:_.

At the highest porosity, the resistance stays almost constant up to 125 dB. Then a rise in

resistance occurs above 130 dB, indicating nonlinearity. As the porosity is decreased, the

incident sound pressure level at which the resistance exhibits nonlinearity becomes is lowered.

For example, the 3.32 % porosity configuration shows a continual increase in resistance over the

levels tested. It is evident that the reduced orifice hole size created by the translating perforate

leads to a more nonlinear perforate. The reduced total area of the perforate leads to higher

orifice velocities which is due to continuity laws.

Although the orifice velocity was not directly measured, it can be calculated from the

knowledge of the incident sound pressure level and the impedance at the perforate itself. If the

surface was a rigid wall, the surface acoustic pressure would be theoretically twice the incident

acoustic pressure. Since the perforate is not a rigid wall, the pressure at the orifices is modified
4",':

by the impedance of the perforate. From the formulation given by Guess , the expression for

the root-mean-squared orifice velocity is:

2[Pii-rmsl
(4.8)

"ormso II +l)2+I l
Using the tone excitation data at a nominal incident sound pressure level of 106 dB, the

calculated orifice velocity is shown in l:iDare 4. I5 as a function of perforate porosffy for the

tested configurations. This shows the increased velocity for the smaller sized orifices that
contributes to the increased resistance.

As outlined in Section II, the increased orifice velocity leads to the formation of quasi-steady

jets that have associated viscous losses _4. This is the origin of the increased resistance. It is also

possible that the noncircular orifice shape may contribute to the perforate's increased nonlinear

behavior. This possibility is addressed in the next section.

Figure 4.J6 shows the normalized mass reactance as a function of incident sound pressure

level and perforate porosity. Again, at the lowest sound pressure level, the trend with porosity is

consistent with that shown in Figure 4. [2b. As the incident sound level is increased, the mass

reactance begins to decrease after a certain acoustic level is reached. For the largest porosity

tested, the reduction in mass reactance begins above 135 dB. For the smaller porosities tested,

the decrease in mass reactance is evident at the lower sound pressure levels. The nonlinear

behavior of the mass reactance is similar to that seen with the resistance in that it is linked to the

increased orifice velocity. Ingard ' _ describes the behavior of the nonlinear reactance as a result

of the flow within and around the orifice becoming turbulent. That is, the mass reactance stays

constant until flow exiting the orifice becomes turbulent. Ingard suggests that the sound waves

do not affect the acoustic mass when the quasi-steady jet is laminar. He further suggests that the

decrease in mass reactance "can be thought of as a transfer of part of the kinetic mass (kinetic
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energy) in the sound field around the aperture into turbulent motion and free boundary flow that

breaks away from the aperture. ''_

Figt_re 4. i_,_shows some interesting results at the higher sound pressure levels for the lower

porosity configurations. The mass reactance begins to rise after a certain level is reached. It is

not exactly clear why this happens, however, it is suspected that it is related to the reactance of

the backing cavity. Further work is needed to understand this observation and is suggested as on

of the items for future work in Section VI. Finally, Figure 4, 17 shows the absorption coefficient

as a function of sound pressure level and porosity. It is clear that the incident sound pressure

level has a major impact on the absorption properties of the perforate/cavity combination. As the

normalized resistance approaches unity, the absorption approaches a maximum. For the lowest

porosities, it can be seen that this optimal resistance is reached sooner than the higher porosity

configurations due to the rapid increase in orifice velocity. As the normalized resistance

increases beyond unity, the impedance of the perforate/cavity combination becomes "mis-

matched" in relation to the wave impedance of air, thus, the absorption becomes non-optimal.

4.6 Conclusions

This section presented normal incidence impedance data for a variable orifice perforate

concept that requires very small mechanical movement to achieve large changes in perforate

porosity. By examining the impedance behavior of this perforate in conjunction with a backing

cavity, the following observations and conclusions are made:

1) Control of the perforate's resistance and thus liner absorption can be achieved to a grcqt

degree with a small mechanical input. For movements of less one orifice diameter (2 mm for the

present perforate), the absorption characteristics of a perforate-covered cavity can be changed

significantly. Normal incidence absorption coefficients are increased not only at the resonance

frequencies but also for several hundred Hertz around the resonance frequency. Normalized

=re_sistance was increased more that an order of magnitude for the same mechanical movement.

2) The resonance frequency of a perforate-covered cavi O, can be controlled by the changing

mass reactance of the variable perforate_ Ashift in resonance frequency is observed at the first

resonance frequency and its multiples. Resonance frequency shifts of 21%, 14%, and 9% were

observed for the 1St , 2 "°" and 3 rd resonance frequencies, respectively.

3) The theoretic-a)-_-linear model over predicts the mass reactance -that is measured and

under predicts the resonance frequency. The differences between prediction and measured data

cannot be explained. It is possible that a significantly reduced attached mass could explain the

lower measured mass reactance. It appears from the analytical prediction that accounting for the

elliptical nature of the orifices in the translated configurations does not account for the observed

differences. It is possible that nonlinear effects could account for some of the lower measured
mass reactance.

4) It is not clear from the data presented in this section whether the shape of the orifice

contributes to the increased resistance at high incident sound pressure levels. The variable

orifice perforate becomes more nonlinear as the porosity is decreased. Nonlinear behavior was
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observed to occur near 110 dB for the lowest porosity while occurring near 130 dB for the

maximum porosity tested.
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Figure 4.1 Variable orifice perforate test article used in normal incidence

impedance tube measurements.
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Acoustic Driver

Backing Cavity

Figure 4.2 Experimental m-rangement of normal incidence impedance measurement

of variable orifice perforate.
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a° Variable Orifice Perforate Installed - Max Porosity

_'z;- -=4;7;:: .... _ ..... _ ..........

b* Variable Orifice Perforate Installed - Fractional Max Porosity

Figure 4.3 Variable orifice perforate installed in impedance tube.
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Figure 4.4 Normal incidence impedance tube used for perforate impedance

measurements.
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Figure ,1.5 Typical broadband and single tone response of impedance tube

_Crop}i6ne-ineasurements with variable orifice perforate installed [Af= 4 Hz;

64 avgs.].
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Figure 4.6 Signal processing schematic for impedance tube measurements.
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Figure 4.7 Absorption coefficient for tested porosity configurations of the

variable orifice perforate [Af = 4 Hz; 64 avgs.].

128



100.00

"-c_Cfg. T1 (a

Cfg. T2 ((_

Cfg. T3 (a

Cfg. T4 (_

---23.49%) +Cfg. T5 (_- 3.32%)

-- 15.75%) _Cfg. T6 (c_- 1.20%)

-- 8.99%) "_-Cfg. T7 (o- 0.43%)

- 5.97%) --Cfg. T8 (c_ - 0.00%)
I

C_.

10.00

1.oo

0.10

0.01
Decreasing Perforate Porosity

, I i I t I

2 3 4 5

Frequency, kHz

6

Figure 4.8 Normalized resistance for tested porosity configurations of the

variable orifice perforate [Af = 4 Hz; 64 avgs.].
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SECTION V

Effect of Orifice Shape on Acoustic Impedance

5.1 Introduction

In Section III, it was observed that the impedance and hence absorption of an acoustic liner

can be controlled through the manipulation of a porous layer's porosity via a variable orifice

perforate. Section IV showed that the variable orifice perforate can produce large changes in the

perforate impedance with a small mechanical input. It was unclear whether the unique shape of

the orifice created by the variable orifice perforate led to the observed lower than expected mass

reactance. The present section attempts to quantify how the specific orifice shape that is created

by the variable orifice perforate affects the orifice impedance. Furthermore, since there may be

other shapes that could be created by the variable orifice concept, selected non-circular orifice

shapes were examined as well.

Background
The acoustic impedance of orifices have been examined by many researchers :__ - s _ due in

part to the prevalence of orifices as a constituent component of many acoustic liners. Typically,

orifices used in such absorbers are circular in shape, and thus most of the impedance models are

based on round orifices. A concept for manipulating the porosity of a perforate has been

examined in the present study that has an unintended consequence, namely, the creation of a

perforate that consists of orifices that can have non-circular shapes.

The acoustic impedance of an orifice can be separated into its resistive and reactive

components that roughly correspond to viscous (resistance) and inertial (reactance) properties of

the acoustic system. Friction within the orifice is the dominant contributor to the resistance at

low sound amplitudes, while the conversion of sound into vorticity at the orifice edges is the

dominant contributor to the resistance at high sound amplitudes. At the higher amplitudes, the

incident sound produces an oscillatory jet through an orifice. Increased losses in this jet can

occur if the vorticity is increased. This follows from well-established findings from the study of

steady-flow jets and, in particular, the study of jet mixing enhancement `3:'''3_. The primary

component of the reactance of an orifice is the oscillation of air mass within and around the

orifice. For orifices where the radius is larger than the thickness, the "attached mass" becomes a
dominant contributor to the reactance.

Sliding a perforate consisting of circular orifices over another identical perforate creates

orifices that are oval or "eye-shaped" in shape. Moreover, using this sliding method creates a

unique orifice cross-section. Figure 5.1 shows a single orifice created by the movement of one

circular orifice over an identical orifice. For comparison, a circular orifice is also shown. Note

that, for a given orifice open area, the stepped-oval shaped orifice has more air "trapped" within

the orifice itself. This excess air resulting from the additional space fonrled in the region of the

step as labeled in Fig_Hc 5, i_, It remains to be seen if the so-called "attached mass" that exists
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just outside of the orifice is different for the stepped-oval shaped orifice as compared to the

standard circular shaped orifice. This attached mass plays a role in determining the resonance

frequency of a cavity backing such an orifice and the degree to which it plays a role is examined
in this section.

Ob/ective

The primary objective of this section was to determine the effect that a unique orifice, created

from two overlapping circular orifices, has on its impedance relative to a circular orifice of

equivalent area. A further objective is to determine how selected orifices of different shapes

with equivalent area affect the orifice impedance.

Outline of Section

This section presents experimental data for normal incidence impedance measurements for a

single orifice backed by a cylindrical cavity. Tests at both high and low incident sound pressure

levels are performed. A description of the types of orifices tested and the experimental

arrangement is followed by a presentation of the results.

5.2 Description of Orifices Tested

Equal Area Circular Orifice and "'Stepped-Oval" Orifice

An orifice created from overlapping two circular orifices of equal diameter will be referred to

as a "stepped-oval" orifice for the remainder of this study. The unique cross-section that the

stepped-oval orifice possesses (see FigL_rc 5._) required that it be compared with a circular

orifice that was as thick as the two overlapping orifices (h = 1.63 mm) and one that was as thick

as One overlapping layer (h - 0.81 ram). Figure 5._ _ shows a stepped-ovaI orifice produced by

overlapping two circular orifices along with a single circular orifice with equivalent area. An

estimated eccentricity of the stepped-oval orifice was calculated to be 0.77.

Equal Area Orifices for Shape-Effect Tests

To determine the effect of the orifice shape on its impedance, a number of orifices shown in
Figure 5.3 were evaluated. A circular orifice shape of given thickness and area was used as a

baseline to compare the acoustic performance of other orifice shapes of equivalent area but

different perimeter lengihs. Square and triangular-shaped orifices were also fabricated. The

triangular shape was equilateral. For a large deviation in orifice perimeter, a star-shaped orifice

was made to provide a more unique aperture edge.

Orifice Plate Fabrication

Table 5.1 shows the tested orifices and their pertinent dimensions. The first four orifices

listed in Table 5.1 were 6.35 cm (2.5 inches) in diameter and 0.812 mm (0.032 inches) thick

each. The thickness of the stepped-oval shaped orifice plate was twice the thickness of the other

orifices because it was created by overlapping two round orifice plates. The open area of all of
2 2

the tested orifices was 0.1935 cm (0.03 inches ). The orifice plates were fabricated from

aluminum sheets using an Electrical Discharge Machining (EDM) process.
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Table 5.1 Dimensions for tested orifices. *Twice the thickness of other orifices

(1.63 mm)

Orifice Perimeter, Hydraulic Diameter, Thickness,

Shape mm _(in.) mm (in.) mm (in.)

Round 15.59 (0.61) 4.96 (0.20) 0.81 (0.032)

Square 17.56 (0.69) 4.40 (0.17) 0.81 (0.032)

Triangular 20.06 (0.79) 3.86 (0.15) 0.81 (0.032)

Star 37.82 (1.49) 2.05 (0.81) 0.81 (0.032)

Stepped-Oval* 16.22 (0.64) 4.77 (0.19) 1.63 (0.064)

Note that the oval-shaped orifice falls between the round and the square orifice in terms of its

perimeter. However, the thickness of the stepped-oval shaped orifice is greater than the others

by a factor of two (see tqgure 5. i).

5.3 Summary of Tests Performed and Data Acquired

Experimental Set-up

The orifices were placed at the end of an impedance tube and were backed by a cylindrical

cavity of depth, L forming a cavity resonator, l:igurc 5.,4 shows the experimental arrangement

with an orifice plate installed in the impedance tube. This experimental arrangement was

identical to that presented in Section IV for the normal impedance measurement of the variable

orifice perforate. The backing cavity provided a known impedance that could be accounted for

when trying to isolate the impedance of the orifice. This approach is identical to that described

in Section IV and the expression used to calculate the perforate impedance is repeated here for

convenience:

e]pc' - Zperf + Zcav = + i
(5.1)

Broadband noise was used for the stepped-oval and circular orifices impedance tests. For the

other orifice shapes both broadband and single tone excitation were used to acquire impedance

data.

When the impedance measurements were made with single tone excitation, the frequency

chosen was the resonance frequency that was determined from broadband excitation, i.e., when

the total normalized reactance was zero. Comparison of measured orifice resistance with

analytical models required knowledge of the rms velocity at the center of the orifice. This was

measured for selected orifices with a single hot-wire sensor.
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Calculation Of Mass End Correction fi-om Measured Data

The acoustic mass which occupies the space in and around the orifice can be computed from

measured •data and its magnitude can be compared as the shape of the orifice is changed. Recall

from equation from gection W that at resonance, the mass reactance can be expressed as:

_m 03m_ (5.2)
crpr' A oPC

The left hand side of equation 5,2 is obtained from impedance tube measurements as described in

Section IV. It will be carried through in the following equations as a "known" quantity.

The acoustic mass can be calculated from:

m= A°pC( Zm 1 (5.3)
o) \crpc;

Furthermore, the mass end correction, /_, which allows for the attached mass external to the

orifice (on both sides) can be expressed in terms of the orifice thickness:

m = minside orifice + mextemal to orifice

= pAoh + PAo4 n = pA o (h + 8 m )

Thus from equation 5.3 and 5.4, the end correction can be calculated:

(5.4)

(5.5)

5.4 ExPerimental Facilities and Instrumentation

Impedance testing was conducted in the same impedance tube described in Section IV, where

impedance measurements of the sliding perforate concept were performed. Recall that an

impedance tube with an internal diameter of 29 mm was used tO measure the acoustic impedance

of the test sample placed at the tube's termination. The Two-Microphone Me£hod was used to

compute ihe impedance. Similarly, the instrumentation and data acquisition for the experiments

here are identical to those used in Section IV. Two phase-matched, Bruel & Kjaer microphones

were used to samp- ie Sound pressure levels inside the impedance tube. The data were analyzed

with a HP 3667A Multi-Channel Signal Analyzer. A frequency span of 0 - 6400 Hz was used

with a 4 Hz bandwidth.

Hot- Wire Measurements

A need to measure the orifice velocity directly was fulfilled with a constant temperature hot-

wire anemometer. The velocity of the acoustically induced jet was measured in the center of the

orifice. For these measurements, a Dantec Streamline system was used in conjunction with a
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486 PC platform. This system was the same system used to measure the velocity profiles in the

flow-duct work presented in Section III. The hot-wire was calibrated with a Dantec Flow

Calibration Unit. This device provided accurately metered flow in which the hot-wire could be

immersed. Dantec Software provided automatic control of the flow to the user's specifications

for velocities as small as 0.002 m/s.

5.5 Results

Impact of Stepped-Oval Orifice on Impedance

The main impact that the stepped-oval orifice has on the orifice impedance can be stated as
follows:

The stepped-oval orifice has a smaller attached mass than an equivalent round orifice.

The end correction in circular orifices is normally independent of the orifice thickness. How it

will be affected by the stepped section of the oval orifice shown in Figure 5,1 was not known

prior to this study. The stepped-oval orifice impedance was therefore compared with a circular

orifice. Under broadband excitation, the impedfince of a stepped-oval orifice was measured. A

single thickness and a double thickness circular orifice were also tested. For descriptive

purposes, the round orifice with thickness 0.813 mm will be referred to as the single round

orifice and the round orifice with twice the thickness will be referred to as the double round

orifice, f_'igurc 5.5 shows the total normalized reactance in the vicinity of the first resonance

frequency for these three orifices. The single round orifice has the highest resonance frequency,

as indicated by the zero reactance value. The next lowest resonance frequency is the stepped-

oval shaped orifice followed by the double round orifice. F igu_c 5.6a a_(i 5,6b show the

associated normalized resistance and mass reactance of the three orifices, respectively, near the

resonance frequencies.

t:igttte 5,6a indicates that the resistance is not affected significantly by the additional length

of the double round orifice or the stepped-oval shape. However, it is clear from VTgure 5,_,+ that

the oval shaped orifice doesn't have as much total reactive mass as the double round orifice. It

is, however, more than the single round orifice. The additional acoustic mass in the double

round orifice due to its increased thickness explains its larger total mass reactance relative to the

single round orifice. However, the stepped-oval orifice appears to have some intermediate

amount of mass within its stepped geometry.

To better understand the mass reactance of the stepped-oval orifice, the attached acoustic

mass and mass end-correction were calculated for each of the round orifices and the stepped-oval

orifice using equations 5.3 and 5.5, These results are shown in Fig_vc 5.7a al_d 5.7b. Since the

standard end-correction for a circular orifice is dependent on the orifice radius only, the single
and double round orifice should exhibit the same amount of attached mass and thus the same

end-correction. This is borne out in Figure 5.6a_ and 5.6b. The single and double thickness

round orifices have essentially the same end correction at their respective resonance frequency.

Using the same thickness as the double round orifice, the corresponding attached mass for the

stepped-oval shaped orifice is measurably smaller. If the stepped-oval is assumed to be
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elliptical, then it has a calculated eccentricity of approximately 0.77. Using the analytical

expression for the mass end correction used for elliptical orifices (see equation 4.3), the

difference from an equivalent area circular orifice is:

_m-elliptical = 0.987 (5.6)

m-circular

This suggests that the elliptical shape of the tested stepped-oval orifice does not have a large

impact on the attached mass, however, this is only a theoretical result. Flow visualization shown

later indicates that the jetting from a stepped-oval orifice is quite different from that from a

circular orifice. This may explain the difference observed in the attached mass. A more detailed

study of this phenomenon is left for future work.

These reSults are significant for the application of the Variable orifice perforate described and

tested in Section IV and as applied in a 2DOF liner in Section III. Since the sliding of one

perforate over the other creates unique stepped-shaped orifices in the perforate, the resulting end

correction will be smaller than for an equivalent perforate made up of round orifices. The

implication of this reduced end correction or attached mass is a reduction in the mass reactance

of the perforate. This may explain the over-prediction of mass reactance when using the model

based-On equivalent round offrices (see Figure a,.l3b)7-This impacts the resonant frequency

through equation 5.1 and_can limit the extent to which this resonance can be controlled.

Impact of orifice Shape on Impedance

Sincethe variaNe orifice Concept present in this study could possibly be modified to produce

more convoluted orifice shapes other than an oval or "eye'shaped"i selected Orifice shapes with

equal areas were tested for their normal incidence impedance. The main results can be stated as
follows: '

At relatively low incident sound amplitudes, orifices with shapes that are significantly different

fi'om circular have higher normalized resistance at resonance frequency and are closer to unity

compared to a round orifice. The), thus have higher absorption.

7

The normal incidence impedance for the orifice shapes shown in Figure . .._ was measured

with a broadband excitation signal and the normalized resistance and mass reactance are shown

in Figure 5.g. :The normalized mass reactance (Figure 5.8b) does not appear to be significantly

affected by the different shapes. This means that the associated mass end corrections for the

different shapes tested were not significantly different. Although not tested, an oval shape

identical to that of the stepped-oval that was tested but without the stepped areas, would have a

perimeter closer circular than the square, triangula_r, {rod star-shaped orifice (see Table 5.1). It
might be expected that the mass end correction of such a shape would no(be significantly

d]fferent from _(fi0se ci_fferent sliapes ttiat were tested. This would be consistent with the

theoretical result expressed in equation 5.6.

_._Figure ..._;a shows that for the highly non-circular star-shaped orifice, the normalized

resistance isnoticeably higher (about 60% higher than the round orifice) in the frequency range

near resonance. Tiffs result implies that a variable orifice perforate that is made with very non-
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circular orifices (with highly convoluted perimeters) may provide higher degree of absorption

than equivalent circular orifices.

The literature on steady jets indicates that the mixing of non-circular jets is much better than

circular jets. It is quite likely that the increased mixing in the near field of the orifice could cause

an increase in resistance. Further study is needed to address the detailed mixing of the highly

non-circular orifice under acoustic excitation.

To further emphasize the increased resistance and hence absorption of a highly non-circular

orifice, the absorption coefficient for the selected orifices is shown in Figure 5.9. Note that the

peak absorption corresponds to the resonance frequency (i.e., zero reactance value). Increasing

orifice perimeter is accompanied by increasing absorption. The star-shaped orifice has an

absorption coefficient that is approximately 40% higher than the equivalent-area round orifice.

This can also be explained from the enhanced jet-mixing perspective mentioned above. This

mixing translates into a loss of energy that originates from the acoustic energy driving the

oscillating mass. Hence, less acoustic energy is reflected back to the source and the absorption
coefficient is increased.

Another result can be stated as follows:

At higher incident sound amplitudes, the normalized resistance appears to be independent of the

orifice shape.

As discussed in Section II, very large oscillatory velocities in the orifice (produced by high

incident amplitudes or very small orifices) have been treated as quasi-steady jets in the literature.

As the variable orifice perforate was transitioned to smaller porosities and more non-circular

orifice shapes in the work presented in Section IV, it was observed that the standard resistance

model based on circular orifices did a reasonable job of predicting the normalized resistance (see

Figure 4.13a).

Tests on the selected orifice shapes described above were conducted in the impedance tube

using single tones at gradually increasing amplitudes. The frequency of the tone was chosen to

be the resonance frequency determined from the broadband data. After the impedance data was

acquired, the same acoustic conditions were reproduced and a single hot-wire was placed in the

center of the round orifice and the star-shaped orifice to measure a root mean square orifice

velocity to correlate with the normalized resistance. Fig_Jrc 5. I0 shows the hot-wire

experimental arrangement and Figure 5.11 shows a typical time history of the instantaneous

velocity measured for an incident sound pressure level of 110 dB. Only the axial (orifice axis)

component of velocity was measured. The hot-wire sampled at 55 kHz and took 1024 samples.

t::igt_re 5.I2_-_ shows the normalized resistance of the tested orifices under single tone

excitation as a function of the measured orifice velocity, l:'igurc 5.t 2b shows an expanded plot

of the lower amplitude results. In general, the trend is for the resistance to increase in a linear

fashion at higher sound pressure levels. At the lower levels, the star-shaped orifice resistance is

distinctly higher than that of the other orifice shapes. These lower incident sound pressure level

results are consistent with the broadband results shown in Figure 5.8a. At the lowest measured
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orifice velocity condition (approximately 0.04 m/s), a trend is discernable with increased orifice

perimeter. That is, the larger the orifice perimeter, the larger the resistance. However, as the

sound pressure is increased and the orifice velocity is increased above 0.5 m/s, the resistance for

all of the shapes tend to collapse on each other.

Figure 5.13 shows the impact that increased sound amplitude has on the absorption

coefficient of the orifice/cavity resonator for the two extreme orifice shape cases, namely the

round and star-shaped orifice. As with the resistance data presented earlier, the shape of the

orifice seems to have an effect on the absorption at the lower orifice velocities while the data

tends to merge together at the higher velocities. The absorption rises in conjunction with the

movement of the normalized resistance towards its optimum value of unity (see Figure 5.12a).

As the resistance increases further the absorption decreases beyond its optimum.

The impact of these results on variable orifice perforate is that the nonlinear orifice

impedance models that were outlined in Section ii for circular orifices should be adequate to

predict the nonlinear impedance for non-circular orifices. Figure 5.14 compares the measured

single tone data of the round and star-shaped orifice data with the semi-analytical model outlined

in Section II, namely from MellingS s:

R _ Real i(-°hvi_ +---w-,-"-w--, (5.7)

tX' 2Jl(ksro)

1- ks ,bJO(ksr ° )

= ==

A discharge qp&ficient of 0_5_5 seems to fit the_measured data better than the_vaiue of 0.6which
• ._q - ., _ .................

is suggested in the literature . The origin ofthls value ofd{scha_'ge_Coefficientis_fr0mS'{eady

orifice flow metering data. Hersh, et al ...... , fitted experimental data with their theory and

educed a CD. They reported that at amplitudes approaching 170 dB, the discharge coefficients

approached a value 0f0.4, while at lower amplitudes near 100 dB the value was near 0.7. As the

jetting in the orifice diminishes with decreasing sound amplitude, the CD should approach unity.

5.6 Selected Flow-Visualization of Orifice Jettine

_:-_Th]ie_deta_ed Siudy of the energystm-cture 6fthejetissufng from different shaped orifices

is beyond the scope of this study, some flow visualization was performed on some of the orifices

tested in the impedance tube but without the backing cavity. Images of the jetting structure fr0rn

the orifices were obtained via a Particle Image Velocimetry (PIV) system recently acquired by

the Georgia Tech Research Institute Aerospace LabOratory. An acoustic driver was attached to

one end of a tube and an orifice plate was attached to the other end. The tube was approximately

20 inches long. The tube was filled with incense smoke and the driver was excited with a single

tone input. The laser was pulsed at 15 Hz.

A key finding from the flow visualization was that jetting that issued from the stepped-oval

orifice wag deflected with respect to the orifice axis. t:igtire 5.15- 51[7 shows evidence of the
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orifice jetting for the round,star-shaped,andstepped-ovalorifices, respectively,at a moderate
soundpressurelevel. Each figure showstwo snapshotsat different times. It is immediately
evidentthat the oscillatoryjet issuingfrom the stepped-ovalorifice is deflectedat someangle
from the orifice centerlineaxis. Thepressuredifferencebetweenrecessedspaceto onesideof
theorifice which isuniquelycreatedby theoverlappingcircularorificesandthat directly across
most likely deflects the jet. Well-defined vortical structures still persist several diameters

downstream. It is unknown whether the "vectored" jetting from this orifice contributes to the
different attached mass observed in the acoustic measurements. Further work is needed to

address this phenomenon better.

5.7 Conclusions

This section presented normal incidence impedance results for orifices of different shapes,

but equivalent area. The objective was to discern the impact of the orifice shape on the

impedance. The following observations and conclusions were made:

1) The stepped-oval orifice has a smaller attached mass than an equivalent round orifice and has

a definite "vectored" oscillatory jet that exists due to the unique stepped orifice cross section as

observed withfiow-visualization. This possibly contributes to the reduced mass reactance. This

impacts the acoustic liner control concept presented in earlier sections because it affects the

control of the resonance frequency that can be achieved by sliding one perforate over another.

Specifically, it tends to reduce mass reactance of the variable perforate.

2) At relatively low incident sound amplitudes, orifices with shapes that are significantly

different from circular have higher normalized resistance (closer to unity) compared to a round

orifice leading to higher absorption. This can impact the variable orifice perforate concept if

more deviant orifice shapes are produced by another mechanical method.

3) At higher incident sound amplitudes, the normalized resistance appears to be independent of

orifice shape. The implication of this result is that existing fluid mechanical models that

describe high amplitude orifice impedance are adequate for the description of the variable orifice

perforate wheri exposed to high amplitude sound.

4) The stepped-oval orifice has a definite "vectored" oscillator jet that exists as a result of the

unique overlapping orifice cross-section upon which the variable orifice perforate concept is

based. The vectored jetting was observed with flow visualization and could possibly be related

to the reduced mass reactance measured in the acoustic tests. Further study is needed to address

this phenomenon.
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SECTION VI

Summary of Major Findings
and Recommendations of Future Work

6.1 Summary of Maior Findings

The present work explored the feasibility of controlling the acoustic impedance of a resonant

type acoustic liner. This was accomplished by translating one perforate over another of the same

porosity creating a totally new perforate that had an intermediate porosity. This type of adjustable

perforate created a variable orifice perforate, whose orifices were non-circular. The degree of

translation needed for a porosity change of up to 20% was on the order of one orifice diameter. Larger

changes in porosity can be realized by choosing perforates with larger initial porosity but smaller

diameter orifices. Two, controllable, two-degree-of-freedom (2DOF) liners were built and tested: one in

a normal incidence impedance tube and another in a flow-duct. Furthermore, a variable orifice perforate

was constructed for testing in an impedance tube for examination of its low and high incident sound

level behavior. Finally, the effect of shape of an orifice was considered by testing orifices of equal area

but different edge geometry in an impedance tube.

The key findings of the present work can be summarized as follows:

I) A more or less conventional 2DOF liner can be fabricated in such a manner as to control

its absorption via small mechanical movements (on the order of existing orifice diameters). Both

the frequencv and magnitude of absorption can be controlled.

II) Peak absorption frequency and magnitude can be controlled under grazing flow

conditions in a fiow-duct. Control of the buried septum impedance of the 2DOF liner led to the

relative insensitivity of the peak absorption frequency to grazing )qow effects on the liner as the

septum porosity was decreased.

lII) The unique method of creating a variable orifice perforate resulted in a reduction of

attached mass typically associated with circular orifices. This tends to limit the control of the

resonance frequency of a perforate�backing cavity based acoustic liner.

Details of more specific findings are discussed below:

Normal Incidence Resonance Frequency Control of Tunable 2DOF Liner

Using the variable orifice perforate as the buried septum, a two-degree-of-freedom liner was

built for testing in a normal incident impedance tube. A range of buried septum porosities were

tested and the following conclusions were drawn:

1) For no flow and for normal incidence, the liner was observed to shift the primary

resonance frequency approximately 14% (200 Hz) and the secondary resonance approximately

16% (800 Hz).
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2) A translational movement of less than one orifice diameter in the buried septum had a

strong impact on the normalized resistance. At certain frequencies the septum resistance

increased by an order of magnitude. Furthermore, the resistance increase was noticed across a

frequency range of several hundred Hertz around the resonance frequency. The increased

normalized resistance is due to the reduced septum porosity and the associated increase in

septum nonlinearity.

3) A complete closure (i.e., zero porosity) of the buried septum, resulted in the 2DOF liner

becoming a IDOF liner. This has the potential for a large change in the primary resonance

frequency of the liner to cover a large source frequency change.

Grazing Flow�Grazing Incidence Sound Absorption of Tunable 2DOF Liner

A variable buried septum 2DOF liner suitable for testing in a flow-duct environment was

fabricated. Tests were made on the absorption control it provided in a grazing flow, duct

environment. Measurement of both transmission loss and insertion loss were made and the

following conclusions were drawn:

1) Transmission loss measurements in the presence of grazing flow revealed that for the

tested liner, the primary resonant frequency could be shifted by approximately 100 Hz. This

resulted from an approximately 1.5 mm movement of a perforate in the buried septum of the
liner.

2) Control of the buried sePtum impedance was able to overcome the increased face sheet
impedance due to the grazing flow. _The primary resonance frequency became insensitive to the

grazing flow velocity as the buried septum porosity was decreased. This indicates that the buried

septum resistance became the controlling resistance for the liner.

3) Insertion loss measurements confirm the shift ]n primary resonance frequency but also

show a shift in the secondary resonance frequency. Furthermore, as the buried septum porosity

was reduced, an increase in liner absorption was observed over a broad frequency range

indicating increased broadband sound absorption. This is indicative of the increase in broadband

resistance demonstrated in the normal imPedance measurements.

Normal Incidence Absorption of the Variable Orifice Perfot;at e ConCepl

The uniqueness of the variable perforate orifice size and shape was tested at low and high

incident sound amplitude levels and compared with standard impedance levels. The following

conclusions were drawn:

l) Control of a perforate's resistance can be achieved to a great degree with mechanical

movements on the order of an orifice diameter. A perforate resistance increase of more than an

order of magnitude was observed over a broad frequency range.

2) The resonance frequency of a cavity covered with a variable orifice perforate can be

controlled by changing the mass reactance. The 1St resonance frequency of the tested cavity

resonator can be changed by approximately 21% with a mechanical movement of less than an

orifice diameter.
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3) The standard linear impedance model over-predicts the mass reactance of the variable

orifice perforate, suggesting that the unique orifice construction of the variable orifice perforate

partially contributes to a lower mass reactance.

Effect of Orifice Shape on Impedance

In light of the variable orifice perforate impedance data, an examination of the effect of

orifice shape and, in particular, the orifice geometry provided by sliding one perforate over

another was performed by testing several orifices of different shapes in a normal incidence

impedance tube. The following conclusions were drawn:

l) The unique stepped-oval cross sectional shape of the variable orifice perforate concept

results in a smaller attached mass, or end correction, than a round orifice with the same
thickness.

2) At low to moderate sound pressure levels, orifices with shapes that deviate significantly

from circular (e.g., star shaped) but with the same area, exhibit increased resistance and hence

absorption. A tested cavity-backed star-shaped orifice had an increased peak absorption

coefficient by a factor of approximately 1.4 with a perimeter that was almost 2.5 times larger

than an equivalent area circular orifice.

3) At higher incident sound pressure levels, the orifice shape does not significantly alter the

impedance.

6.2 Future Research Directions

The present work has led to some unanswered questions that can be the basis for future research.
These are summarized below:

1) Impact of large scale structures in the oscillatory flow through an orifice on the In-situ

impedance measurement technique.

The flow-visualization photographs reveal that large scale structures resulting from the

oscillatory flow through the orifice persist for several orifice diameters downstream. At

moderate to high incident sound amplitudes, the persistence of the large-scale structure can

possibly impinge on the back wall of the cavity, thus affecting the back-wall acoustic

measurement which are needed in in-situ impedance measurement techniques. The effect of

these hydrodynamic fluctuations on the acoustic fluctuations needs to be studied further to

examine any erroneous impact on the impedance determination.

2) High Amplitude Behavior of Orifice Impedance

It was observed in Section IV that at very high incident sound pressure levels (above 145-150

dB), the reactance of the perforate/cavity combination and thus the perforate mass reactance

itself began to rise instead of continuing the usually observed trend of reduction. No

explanations could be offered for this behavior which needs to be understood.
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3) It was .found that the commonly used expression (equation 4.10, repeated below) that

computes the orifice velocity via measured impedance, did not match the rms velocities

measured by a hot-wire anemometer.

(4.8)

uo +11+I l
This expression is commonly used for circular orifices. One key assumption in the derivation of

this equation is that the propagating acoustic wave is planar and hence the particle velocity

across the orifice is also planar. At high incident sound amplitudes, the orifice jetting becomes

quite strong and the jet mixing just downstream of the orifice quite likely contributes to the

violation of the plane wave assumption. Furthermore, a non-circular orifice shape could create

an even more asymmetric velocity profile, thus causing the computed orifice velocity from

equation 4.10 to be in error. Further work is needed to derive an expression for the orifice

velocity for use in high amplitude cases as well as for orifices that are non-circular.

4) Use of highly convoluted orOqces shapes in conjunction with the variable orifice

perforate concept

The present study examined only the stepped-oval shape produced by the sliding two circular

orifices over each other. It was also shown that an orifice shape that had a very convoluted

shape, like a star, produces higher resistance and absorption in the low to moderate incident

sound pressure levels. Further work could concentrate on a variable orifice perforate made up of

very different shapes to further improve the absorption characteristics.

5) Use of the Tunable Liner in conjunction with Bias-llow

The concept of bias-flow as a liner control concept mentioned in Section II requires a nonlinear

buried septum to enhance its control. The variable orifice perforate can possibly be used to

enhance the bias-flow concept by reducing the amount of steady flow needed through the

perforate to control the impedance.

6) Effect of "Vectored" Jetting on Orifice Impedanco
It was observed that the stepped oval orifice produced by overlapping of two circular orifices

resulted in an orifice oscillatory flow that was skewed off the Orifice centerline. In essence, it

appeared to be "vectored" towards the side of the orifice that was recessed. A detailed study on

how this affects the radiation impedance of the orifice and thus the attached mass would further

help understand the liner absorption control mechanism in the sliding perforate concept

examined in this study.

7) Development of practical implementation of variable orifice perforate in a non-straight
wall environment

It was demonstrated in this work that control of sound absorption can be accomplished by

translating one perforate over another perforate over a flat planar surface. In a jet engine (and in

many other applications) the perforated sections of a liner are tubular. Translation of one

perforate over another would most likely involve rotating a cylindrical perforate inside another
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cylindrical perforate. A practical and innovative way to implement the mechanical movement of

these perforates is needed for applications that do not involve the movement of just planar

perforates.

6) Non-aerospace applications of tunable liner

While the primary motivation for this work was centered on acoustic liners that are used as part

of a jet engine's noise suppression system, there are many other applications where this concept

can be applied. Future development of the type of tunable liner described in this work can be

pursued in the area of small internal combustion engines that, depending upon their operation,

change their firing frequencies. This changes the noise source frequency content and a liner that

can change its peak absorption frequency could optimize the noise suppression. Exhaust

mufflers for automobiles and motorcycles fall in this category as well. Other applications could

be hair dryers, air-conditioning systems and other more common appliances.
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APPENDIX A

Normal Incidence Impedance Measurement

using a Two-Microphone Methodology

The normal incidence impedance presented in the current work was determined using a

technique developed by Chung and Blaser A_ and employed in the commercially available B&K

4206 impedance tube. The method for determining the normal incidence impedance is

summarized in this Appendix.

Figure A. 1 shows a normal incidence impedance tube with a Sound source on one end and a

sample of unknown impedance on the other. Two microphones are placed flush on the side of

the tube separated by a distance, s. The first microphone is some distance, I, from the sample

face. The impedance at the surface, commonly referred to as the input impedance, is the desired

quantity. From this impedance, the absorption coefficient can be determined from equations

presented in Chapter II.

The method uses the acoustic pressures from the two wall microphones to determine the

complex reflection coefficient. When the tube is driven with a speaker on one end, a standing-

wave pattern is set-up in the tube. The acoustic pressure at each point is the summation of the

incident and reflected acoustic wave. The transfer function between two acoustic measurements

separated by a distance s is defined as:

HI2 (f) -
Si 1(f)

(A.I)

where Si2 (f) is the cross-spectral density between the signals at microphones 1 and 2 and Sl_ (f)

is the auto-spectral density of the signal at microphone 1.

From this definition, one can express the transfer functions between microphone 1 and 2, both

for the incident and the reflected signals, as
,1'_ ff'P"_

Hi(f) = _i2ikI ) (AZ.a)
• _ili(f)

Hr,.r)=s'r2rtr) (A.2b)
Slrli(f)

Noting that the complex reflection coefficient at position 1 can be expressed as (see Chung and Blaser)

Rfl(]C): sli2i(f)

• Slili(f )

(A2c)

Equations A l and A2a-c allow us to express the reflection coefficient as
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RH(/) = [H1209- HiOO]/[Hr09 - H12(D] (A.3)

The assumptions of plane wave propagation, no mean flow, and no viscous losses gives,

Hi(l) = e ik* (A.4)

H,.(l) = e +ikS (A.5)

where k is the wave number and s is the microphone spacing.

Substituting A.4 and A.5 in A.3 yields:

e-iks - H12 (f)
Rf 1(f) = +iks (A.6)

H12 (f)- e

This equation refers to the phase values with respect to microphone location 1. To determine the

reflection coefficient at the termination located a distance l from microphone 1, the reflected

signal PIr (f) becomes Plr (f)e +ikl, the incident signal has a value ofPli (f)e -ikl ; and the reflection
coefficient at the termination takes the form:

R fl( f ) =P/r= Pit e +ikl
Pli Pli e-ikl = Rflei2kl

(A.7)

[.e-iks - HI 2 ( f ) !el2 kl

= [ Hl2(f)-e +iks J

Ifa mean flow is present, then the convective effects of the sound propagation are accounted for

by recognizing that the incident pressure and reflected acoustic pressure can be expressed as:

P2i(f ) = Pli( f )e-ikis (A.8a)

P2r( f) = t_ r ( f) e-ik's

Where the incident and reflected wave numbers are:

(A.8b)

k k

ki=l+M' kr _ (A.9a, b)

Carrying through the analysis that led to equation A.7 leads to

= _ e -ikis- H12(f) ]ei(kr+ki )l

Rfl(f) t H r r) e+ikr s IL 12tJ - J

(A.10)
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Finally, for plane wave propagation, the normalized impedance at the sample face can be

expressed in terms of the reflection coefficient as:

_z_ Rn(f)+ 1
pc Rfl(f ) - 1

(A.11)

Chung and Blaser expressed equation A. 11 in terms of the measured transfer function for no
mean flow as:

Z . H_2 (f)sin[kl]- sin[k(l- s)]

pc cos[kq- s)]- H, (f)cos[kt]
(A.12)

The acoustic transfer function between 1 and 2 were measured between microphones on the

impedance tube walls.

A.1 Chung, J. Y. and Blaser, D. A. Transfer Function Method of Measuring In-Duct Acoustic

Properties: I. Theory Journal of the Acoustic Society of America, Volume 68, No. 3,

Sept., 1980

E
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l - Distance to sample

s - microphone spacing _ _-

BD

Acoustic Driver

Figure A. 1 Two Microphone impedance tube model.
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Appendix B

Flow-Duct Transmission Loss Computation

using a Two-Microphone Methodology

Transmission loss is defined in the present work as the amount of acoustic energy that is

extracted from an acoustic liner in a duct environment. Specifically, it is defined as the amount

of acoustic energy that enters the lined section of the duct, subtracted by the energy that exits the

lined section. In decibels, W/, the transmission loss can be expressed as:

I- Wi_ upstream of liner -}

TL = l OIogL Wi - downstream of linel
g."

The subscript, i, refers to the incident energy in the duct The problem is reduced to the

determination of the incident power upstream and downstream of an acoustic liner in a duct.

Chung and Blaser j:_ developed a technique that relies on the transfer function between acoustic

pressures at two locations in a duct to determine the reflection coefficient at another point in the

duct. This technique was summarized in Appendix A. With some modifications, the same

technique was used in a flow-duct to determine the transmission loss with and without a mean

flow present.

Figure B,1 shows the basic arrangement of acoustic measurements needed in a duct with an

acoustic element somewhere along the duct wall. In the present study, many measurements were

acquired along the duct centerline with a microphone equipped with a nose cone to minimize

flow noise picked-up by the microphone. Instead of using two fixed microphones, the same

microphone was used at different locations. Furthermore, the needed transfer function was

acquired by using the acoustic signal input to the acoustic drivers as a reference for the fi'aiisfer

function at each point. Figure B.2 shows a schematic of the signal processing concept. The

equations developed in Appendix A are used in this analysis, using the mean flow expressions

for the complex reflection coefficient.

The incident power in the upstream and downstream location can be found from (assuming

plane wave propagation):

W, =P.__A (B.2)
pc.

Chung and Blaser relate the incident acoustic pressure at a point in the duct to the measured

acoustic total pressure at the same point with reflection coefficient (or, in effect, the impedance

at the point). This is shown below:

(B.3)
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where P: is the measured acoustic pressure at the second measurement location (see Figure B. 1).

So, based on measured acoustic pressures and reflection coefficient based on the transfer

function between two points, the incident power can be obtained using equations B.2 and B.3

yielding:

(B.6)

where A is the duct cross-sectional area ..........

References

B.1 Chung, J. Y. and Blaser, D. A. Transfer Function Method of MeasuringJn-Duct Acoustic

Properties: I. Theory Journal of the Acoustic Society of America, Volume 68, No. 3,

Sept., 1980.
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Axial Centerline Microphone
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+ Su 2
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Any combination of 2 mics can be used to find W i
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Rf = Reflection Coefficient at 2

S Autopower Spectral Density at 2

Power Transmission Loss
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Figure B. 1 Application of Two-Microphone Method of transmission loss determination in a flow-duct.
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Figure B.2 Signal processing schematic for TMM flow-duct transmission loss analysis.
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Appendix C

Measurement Uncertainty

C.1 Uncertainty in Acoustic Pressure Measurements

The magnitude of acoustic pressures that were used in the computation of impedance,

insertion loss, and transmission loss were measured with condenser type microphones. These

microphones were calibrated for a level of 114 dB at 1000 Hz amplitude using a B&K

pistonphone. The calibrator was quoted to be accurate within 0.3 dB at a reference condition of

14.45 psi, 20 °C and a relative humidity of 65%. The conditions that the microphones were

exposed to during all the tests conduct in this study ranged in ambient pressure from 14.1 to 14.2

psi, in temperature from 22.5 °C to 23.5 °C., and in relative humidity from approximately 53% to

58%. From these differences in the pistonphone reference conditions it was assumed that a

standard error of 0.5 dB existed for all microphone pressure measurements. For all acoustic

measurements, 64 averages were taken.

C.2 Uncertainty in Normal Incidence Impedance Measurements

The impedance measured in the impedance tube using the methodology summarized in

Appendix A, uses equation A. 12 reproduced as equation C. 1 below:

Z . H_2 sin[kl]-sin[k(l-s)]

pc cos[k(t-s)]-/-/,2cos[kt]
(C.1)

The uncertainty in each input into equation C. 1 is summarized below:

Uncertainty in Measured Distances in the Impedance Tube

The distances l and s, were measured with analog calipers whose divisions were 0.0254 mm

(0.001 inches). Assum{ng that one could accurately read half this division, the measured values

of l and s that were Used for the impedance tube were 53.594 mm (2.110 inches) and 20.0152

mm (0.788 inches), respectively. Thus the accuracy of these values was estimated to be within
0.0127 mm (0.0005 inches). With all else constant in equation C. 1,uncertainty-inihe-values of s

and I result in changes in the impedance of less than 0.05%. It was considered that other errors

(e.g., the transfer function) were an order of magnitude greater than this, so the uncertainty in

measured distances s and I were considered negligible.

Uncertaint3,, in Wave number Calculation

The wave number is a function of the frequency and speed of sound. The frequency was set

during all measurements with a digital waveform generator that had a quoted resolution of 5
decimal places. Thus the uncertainty in the frequency input even with a bandwidth of 4 Hz was

considered negligible. The speed of sound depends on the square root of the temperature. The

thermocouples used to measure the temperature were accurate to within 0.5 °C. This translates
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into an uncertainty in the speed of sound of approximately 0.3 m/s for a nominal temperature of

22.6 °C. This uncertainty resulted in less than a 0.1% change in the impedance computed from

equation C. 1.

Uncertainty in the Estimations of Transfer Function
Estimation of the normalized random error associated with the transfer function

measurements were obtained from Bendat and Piersol c_ where a more detailed analysis can be

found. Only final results are summarized here. For the magnitude of the transfer function, the

normalized random error can be expressed in terms of the coherence function as:

(C.2)

where _'_2= Estimated Coherence Function

N= Number of Ensemble Averages

Note that the coherence function is also a function of frequency. If the random error in the

transfer function above (equation C.2) is relatively small, then the uncertainty in the phase
estimate is:

r

I<I-

A value of 0.10 or less resulting from equation C.2 was considered relatively small. For a

confidence interval of 95%, the uncertainty estimates for the magnitude and phase of the transfer
function are:

1<1+=,-= (C.4a)

(C.4b)

where r is the radius of a circle in the complex plane that encompasses the true value of the
transfer function.

For the normal incidence impedance tube measurements with a single tone input, the

estimated coherence function for the tested frequencies was very close to unity. In fact the

coherence function at the tested frequencies for the single tone inputs was never below a value of

0.9994. A typical example of uncertainty in the resulting impedance for this level of coherence

was computed. For a 95% confidence interval:

AI/-/,21=--+O.OO14 (C.5a)

AOI 2 = +---O. 101 3 degrees (C.5b)
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Substituting the worst case uncertainties from equation C.5 in equation C.1 produces an

uncertainty of 0.6% in the measured value of normalized resistance and a 2.5% uncertainty in the
measured value of reactance.

For broadband input, Figure C. 1 shows a typical plot of the coherence function provided by

the signal analyzer used in the present study. Except for a few low points, the coherence is very

close to unity throughout the spectrum. Using the worst case uncertainties in equation C. 1 and

using the 95% confidence interval uncertainties defined by equations C.3 - C.5, an estimated

error-bound was computed for a typical broadband excitation impedance measurement. Figure

C.2 shows these results in a frequency span used in most of the data presented in this study,

namely 0.2 kHz to 1.0 kHz. The error bounds for the other frequencies were similar. For the

most part, the error estimate in the resistance and reactance is reasonably small compared to the

measured values. The larger errors occur where the coherence levels are somewhat lower that

0.95. From Figure C.2b, it is evident that the determination of the resonance frequency (that

frequency where the normalized reactance is zero) is not affected by the uncertainty. It is well

within the bandwidth of analysis (4 Hz) and is much smaller than the resonance changes

observed by the variable orifice perforate presented in the body of this work.

C.3 Uncertainty in Transmission Loss Measurements

UncertainW in Transmission Loss

The transmission loss measurements relied on the two-microphone method developed to

compute normal incidence impedance and described in Appendix B. The impedance measured

in a plane in the flow-duct was converted into a reflection coefficient based on expressions

developed in Chapter II as:

Z-I
Rt - (C.6)

• Z+I

From the reflection coefficient, the incident power was computed from the equation:

(C.7)

The quantity P2 is the_rmS acoustic pressure measured at a point in the plane of interest and Rr is

the reflection coefficient in the plane of interest, respectively. The uncertainty in the calculated

incident power depends predominantly on the reflection coefficient. As with the impedance

measurement discussed previously, the key source of uncertainty is based on the coherence
function between the two microphone measurements used to compute the impedance.

In the case of the flow-duct transmission measurements, the flow noise contributed to

reduction of the signal-to-noise ratio as well as in coherence level. This was most evident

downstream of the acoustic liner because of the lowered speaker noise relative to the flow noise.

Figure C.3a and C.3b show coherence levels upstream and downstream of the acoustic liner for

mean flow-velocities of 45.7 m/s (150 ft/s) and 76.2 m/s (250 ft/s), respectively. Recall that
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several tones at every 100 Hz was the input signal, thus the coherence at frequencies other than

those input are meaningless.

Below a duct mean velocity of 45.7 m/s (150 ft/s), almost all coherence levels are above

0.99. For the worst case (i.e., a mean-flow of 76.2 m/s) the lowest coherence levels are on the

order of 0.6 at certain frequencies. Using the 95% confidence level estimates of equation C.4

and using the worst cases in equation C.1, which carried through to equation C.6 and C.7, the

uncertainty in the incident power estimation downstream of the liner was maximum at

approximately 3.1 dB. Upstream of the liner, due to the high coherence, the uncertainty in the

incident power was on the order of 0.5 to 1.0 dB. Thus for the lowest coherence values (below

0.7) the uncertainty in the transmission loss is estimated to be approximately 4 dB.

Uncertainty in Measured Distances in the Flow-Duct

When the distances used in equation A.9 were input for use in determining the transmission

loss in the flow-duct, a stepper-motor was used to traverse the microphone locations. The

stepper motor used was capable of moving the microphone 200 steps/inch +/- 1 step. This

translates into an accuracy of +/- 0.005 inches. This was considered negligible compared to the
error due to the transfer function estimates.

C.4 Hot-Wire Calibration and Measurements

The hot-wire anemometer uncertainty was estimated using procedures outlined by

Yavuzkurt c2. The hot-wire system used for flow-duct and orifice velocity measurements was

the Dantec Streamline System that was used with an automated flow calibrator unit which

Dantec provided. The flow calibration unit provides a steady, metered, clean flow in which a hot

wire can be placed.

A constant temperature, single platinum-plated tungsten wire was used for the measurements.

This wire was 1.25 mm in length and 5 lam in diameter. The user can specify the velocity range

and the number of points desired to produce a voltage-to-velocity calibration curve. The flow

calibration unit has several different test nozzles that provide different known velocity ranges.

The range of velocities that can be calibrated are from 0.02 m/s to 345 m/s depending on the

nozzle chosen. The flow calibration unit specifications indicate that the flow is accurate to

within 0.3% of the specified velocity. Therefore the calibration uncertainty is:

= 0.003
U

A flow range of 0.02 m/s to 100 m/s was used to calibrate the hot-wire using three different flow

nozzles. The 5 th order polynominal curve fit was used for the velocity calculation from the

calibrated flow data. The curve fit uncertainty is expressed as:

._ Ucwn, e �it" 1 2

(c.8)
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where n is the number of points used for calibration.

uncertainty is •

AU_,,,.,.___, =0.0122 (1.22%) U<0.5 m/s
U

For velocities above 0.5 m/s, the curve-fit uncertainty is:

AU'""_'e-'t_'=0.0079 (0.079%) U>0.5 m/s
U

For velocities below 0.5 m/s, the curve-fit

The total uncertainty in the hot-wire velocity measurement is:

Thus,

= 0.0126 (1.26%)
U

U < 0.5 m/s

AU,,,, = 0.0085 (0.85%) U > 0.5 m/s
U

Reference C.2 shows that relative errors of the mean and rms components of the instantaneous

velo_city are- equivalent to the reiative error in the measured velocity.
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